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Abstract
Approximately one third of genes in the human genome (1) encode transmembrane (TM) proteins
and form more than half of all drug targets (2). However, our understanding of how these proteins
fold into their functional form, as well as how they may misfold into a disease-associated form,
remains a difficult area of study. By observing the effects of single point mutations in the context
of a native sequence, in addition to adding and mutating interhelical interaction motifs on a low
complexity sequence background, we aim to elicit ‘rules’ of TM protein domain association.
For the single point mutation in the context of a native sequence, the TM domain of the sequence
Neu, along with its oncogenic substitution V664E form Neu*, were selected. Using molecular
dynamics (MD) a united atom model of each dimer in a model bilayer system was subjected
to umbrella sampling along an interhelical reaction coordinate to yield a free energy profile of
self-association. The lipid order, bilayer thickness, and peptide tilt angle were calculated from
trajectories taken from three points along the reaction coordinate. Helical composition, solvent
accessible surface area, and hydrogen bond analysis (for the V664E substitution) were performed at
the free energy minimum.
Low complexity sequences of polyleucine and polyleucine-alanine heptad repeat sequences, with
and without interaction motifs similar to those present in the Neu model, were ligated into PBLM100
plasmids. Transformed E. coli cells were subjected to semi-quantitative homo-interaction analysis
using the GALLEX assay. The same TM sequences were modelled using a coarse grained (CG)
forcefield. Umbrella sampling along an interhelical reaction coordinate was performed to yield a
free energy profile of self-association. Single-linkage cluster analysis of peptides was performed
at the global free energy minimum. A representative structure from each set was compared to an
averaged structure from the clusters of an atomistic conformational search.
The results presented in this study, could contribute to what in theory would be a large database of
motif-driven rules for TM helical domain oligomerisation. This may encourage further investigation
into TM protein design for novel application.
Chapter 1
Introduction
1.1 Statement of problem
TM protein folding, a fundamental process of cellular function and intercellular communication,
remains a persistent nontrivial problem with the number of resolved structures of soluble proteins
far out weighing those of membrane proteins (3). Predicting the protein structure from the primary
sequence is fraught with difficulty. Our understanding of the process behind the spontaneous
insertion of a TM protein and its folding is limited, with most information coming from the studies
of native TM protein sequences in model membrane-mimetics. Unraveling the complex relationship
between TM protein sequence and TM protein structure using low complexity sequences has been
described as a ‘divide and conquer’ approach (4). By studying sequences of low complexity, putting
to one side the often complex sequence of native proteins, we are able to improve our understanding
of the interactions between α-helical domains. A low complexity sequence is composed from the
smallest variation in amino acid types whilst maintaining a stable TM α-helical structure. The
sequence can be used as a baseline for measuring TM helix-helix interaction and oligomerisation
properties before and after changes to the primary sequence. It is often seen as a ‘bottom-up’
approach to understanding TM helix-helix interactions. Conversely, studying how a membrane
protein folds from the perspective of a complete native TM domain sequence can be considered
as ‘top-down’. A low complexity sequence scaffold is the foundation for de novo TM α-helical
peptide designs. Using the current understanding of how TM interactions drive association between
peptides, the low complexity scaffold is modified to exhibit expected behaviour, for example,
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designs for de novo membrane ion channels (5).
Our understanding of how TM proteins fold into their functional form, as well as how they may
misfold into a disease-associated form, remains a difficult area of study. This is due primarily
to the hydrophobic nature of TM proteins, which requires the use of membrane mimetics (e.g.
detergent micelles and phospholipid vesicles) for their purification and further study in either the
solution- or crystalline state. Many lipid mimetics may disrupt membrane protein structure and
destabilise the protein (6), yielding poor quality data that is difficult to interpret. Likewise, studying
in silico membrane model systems incorporating integral TM proteins can be fraught with long
auto correlation times resulting in lengthy simulations.
Despite over three decades of research, the ability to predict membrane protein structure from the
primary sequence is unreliable. Although it is thought that the primary sequence drives protein
folding, the fold is subjected to the constraints imposed on the protein by the membrane bilayer
architecture (7). Despite the experimental challenges, there have been many studies which suggest
that membrane protein folding is dependent upon both protein-protein and protein-lipid interactions;
therefore a greater understanding of both types of molecular interactions is crucial. By way
of predicting the final structure of a membrane protein and in particular, of disease-associated
folds, future therapeutic designs maybe within sight. Building de novo membrane proteins for
a novel application is an emerging field, which will perhaps require novel approaches and new
methodologies. As will be discussed in section 1.4, there are a far greater number of purpose built
de novo soluble proteins than those of a membrane protein design.
We have investigated both a ‘bottom-up’ and ‘top-down’ approach using a combination of well
established tools. Our investigation into TM protein folding from a ‘bottom-up’ perspective utilises
in vivo experiments in cell membranes to investigate the propensity for oligomerisation of low
complexity sequence scaffolds combined with de novo principles of helix-helix interactions to
modulate the oligomerisation. The results are complemented by calculating the propensity for
dimerisation of the low complexity sequences in model membranes using MD. The low ‘bottom-
up’ study of low complexity sequences is accompanied by a ‘top-down’ approach using MD to
investigate the effect of a single point mutation on a native TM domain sequence in a model
membrane. PMF calculations are used to yield the free energy of association along a together-apart
reaction coordinate between two interhelical faces. The mechanism of dimerisation is assessed by
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studying the interhelical side chain contacts, the helix-helix crossing angle (see Appendix A for a
formal definition), and analysing macroscopic changes to the bilayer with respect to the interhelical
distance.
The following review begins with a brief discussion on the importance of TM proteins along with a
short description of their secondary structure (section 1.2). This is complemented with a section on
the characteristics of membrane architecture used in this study, and the studies discussed in this
review (section 1.2.1). We then introduce an in depth review on helix-helix TM interactions motifs
(section 1.2.2), followed by how oligomerisation of TM proteins are affected by the membrane
bilayer architecture (section 1.2.3). This is then followed by a review on the limited number of low
complexity TM protein designs in literature (section 1.3). The number of studies on low complexity
sequences reflects the novel value of this study. Finally, the review is concluded with a discussion
on the applications of de novo TM protein designs (section 1.4).
1.2 Transmembrane proteins
Approximately one third of genes in the human genome (1) encode TM proteins and form more than
half of all drug targets (2). These proteins are able to associate with the cell membrane by either
associating with the surface (monotopic) (Figure 1.1 (A)), or crossing the whole bilayer (integral)
(Figure 1.1 (B)). When an integral TM protein spans the bilayer several times it is known as a
polytopic integral TM protein (Figure 1.1 (C)). To associate with a bilayer, a monotopic TM protein
typically requires a linear arrangement of hydrophobic residues to anchor amongst the hydrophobic
lipid chains in the membrane core (due to the like-for-like arrangement of non-polar side chains
with the non-polar alkyl structure of the lipid chains). Alternatively, the membrane protein can be
anchored to the membrane by electrostatic interactions with the lipid head groups. In the case of an
integral TM protein, the non-polar TM domain spans the non-polar bilayer core, with polar domains
on either side of the membrane. The hydrophobic nature of the TM domain sequence prevents the
protein from disassociating from the bilayer. In the case when a TM domain disassociates from the
bilayer due to a disease-associated cleavage of the TM protein anchor or domain, in a multi-cellular
organism globular aggregates can form in the extra-cellular matrix, potentially disrupting regular
cellular function (8).
TM proteins that span the bilayer are typically involved in cell-signalling and assisted diffusion of
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ions and small molecules. Extracellular membrane associating proteins on the other hand play a
crucial role in direct cell-to-cell biological processes, such as the α-helical SNAP-25, part of the
plasma membrane bound SNARE (Soluble N-ethylmaleimide sensitive fusion Attachment Protein
Receptor) TM proteins, which drives exocytosis of transport vesicles in neuromediator release (9).
A B C D
Lipid Bilayer
Extramembranous environment
Figure 1.1: Structural types of membrane proteins: (A) Associating membrane protein: prostaglandin H2 synthase
(associates to the membrane of the endoplasmic reticulum), 1PTH. (B) Integral TM protein: potassium channel KCSA,
1BL8. (C) Polytopic TM protein: Bacteriorhodopsin, 2AT9. (D) β-barrel Omp G monomeric porin 2JQY.
The α-helix is the most common secondary structure amongst TM protein domains. By adopting a
right-handed spiral, residues are stacked up to four residues apart, which enable the formation of
a network of hydrogen bonds between the amide hydrogen donor of residue i with the carbonyl
oxygen acceptor of residue i + 4. This shields the polar peptide backbone from the non-polar lipid
chains of the membrane. Helices are on average 26.4 nm in length and are tilted with respects to the
bilayer normal by an average 21◦ (10). The tilt angle is defined as the angle between the principal
axis of the helix with the bilayer normal. The orientation of the bilayer normal is known to fluctuate
in a liquid crystalline state, however, the bilayer normal can be considered constant for the system
in this study. For a formal definition of a helix tilt angle in a bilayer see Appendix A.
Although far less prevalent than α-helices, it is thought that 2-5% of the prokaryotic gram-negative
genome encodes for β-barrel porin TM proteins (11) (Figure 1.1 (D)), and many TM proteins
in mitochondrial and chloroplast outer membranes of eukaryotic cells are thought to adopt a β-
barrel structure (12). The tertiary structure is constructed from an arrangement of anti-parallel
β-strands, each consisting of three or more amino acids. Strands form a closed structure through
an arrangement of hydrogen bonds between the peptide backbone amide hydrogen donor and
carbonyl oxygen acceptor. TM β-barrel proteins are arranged in such a manner that the outside of
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the structure is lined with non-polar side chains, whilst the inside is composed of polar side chains.
Two decades ago, a simple two-stage model of helical membrane protein spontaneous insertion and
association was proposed (13). The first stage describes the spontaneous insertion of a hydrophobic
protein into the bilayer as an independently stable α-helix, while the second stage describes the
lateral association of helices within the plane of the bilayer (Figure 1.2). Although overly simplistic,
the two-stage model is a reasonable attempt at describing the behaviour of several integral membrane
proteins. A decade later, the two-stage model was extended by an additional step designed to
encapsulate the events of ligand binding, folding of extramembranous loops, insertion of peripheral
domains and the formation of quaternary structures (14). Over the last decade, work by Jean-
Luc Popot has contributed towards designing chemical chaperons for the inserting and folding of
membrane proteins. Hemifluorinated surfactants, constructed from a polar head and a hydrophobic
moiety with a fluorinated central region with a hydrocarbon tip, have been shown to form a good
solvent for membrane proteins whilst not mixing well with alcyl lipid chains (15). These surfactants
promote further thermodynamic quantification of the mechanisms involved in chaperoning and
spontaneously inserting membrane proteins.
Folding and inserting
∆G ≈ −50 – −70 kcal mol−1
Lateral diffusion Association
Figure 1.2: A pictorial representation of the membrane protein two-stage model. During the first stage, a hydrophobic
protein spontaneously inserts into the bilayer as an independently stable α-helix. The initial model proposed that a 20
residue long polyalanine sequence is in favour of inserting by ∆G ≈ −50 – −70 kcal mol−1 (13). The second stage
describes the lateral diffusion to eventual association with a second helix. Reversing the process of association and the
evacuation of the protein from the membrane is usually energetically unfavourable and requires significant disruption to
the bilayer, or release through proteolysis (8).
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1.2.1 Membrane-mimetics
The following section briefly reviews the characteristics, uses, advantages, and disadvantages of
membrane-mimetic systems discussed in this introduction and used throughout this study. There
are already a significant number of in depth reviews into this topic (16, 17, 18); therefore, the aim
of this subject is simply to introduce the reader to the terms used. The aforementioned points of
interests are presented in Table 1.1.
1.2.1.1 Isotropic solvents
Some popular isotropic solvents are chloroform, trifluoroethanol (TFE), dimethyl sulfoxide (DMSO),
methanol, ethanol, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), and other hydrogenated or halo-
genated alcohols. They are the simplest and crudest hydrophobic membrane mimetic with a very
poor resemblance to biological membranes due to the lack of chemical and structural heterogeneity,
in addition to an absence in anisotropic characteristics. Unlike the more sophisticated membrane
mimetics, such as lipid bilayer vesicles, isotropic solvents have a high solubility for TM peptides
and they are applicable over a broad range of experimental techniques (as listed in Table 1.1).
1.2.1.2 Detergent micelles
With head group regions typically bulkier than their hydrocarbon chains, self-association into
micelle structures shields the hydrophobic chains from the solvent environment by orientating
detergent chains together whilst forming a spherical macroscopic structure. As a membrane mimetic,
they are easy to prepare and use. With a moderate light scattering and fast tumbling, detergent
micelles are ideal for CD and NMR, respectively. By the standard of today’s high performance
computers, micelles are small enough to be studied along with solvent and protein using an all-atom
model (19).
Detergent micelles remain highly soluble for membrane proteins reconstitution. They are also
known to adopt a cross-sectional topology similar to a lipid bilayer. Unfortunately, poor detergent
packing, significant exchange between lipid and solvent, and disruption to protein tertiary structure,
result in principal differences between detergent micelles and bilayers. The high curvature of
detergent micelles is known to induce stress in a helical peptide compared to model bilayer
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structures and natural bilayers (16).
1.2.1.3 Lipid bilayers
Model bilayer systems, whether as a bilayer slab or as part of a lipid vesicle (often referred to
as a liposome) introduce the anisotropy and structural characteristics similar to those of natural
bilayers. Early planar membrane model systems were composed of a monolayer at the air-water
interface (20). By evaporating organic solvent, lipids are left to orientate their polar heads into the
water leaving the hydrophilic chains orientated into the air. The precise surface pressure, thickness
and phase can be controlled, although high surface tension of water can denature proteins.
The more familiar unilamellar lipid bilayers are constructed from two opposite facing lipid leaflets,
whilst multilamellar lipid bilayers are constructed from stacked bilayer sheets, separated by a
polar solvent. Although the curvature of a vesicle is far less pronounced than a detergent micelle,
more lipids pack in the outer membrane of a vesicle to equalise surface tension between the two
leaflets (21). Mixed lipid bilayers can represent a closer abstraction to natural bilayers and enables
the calculation of changes to lipid aggregation and TM peptide packing by varying the head group
charge, the bilayer thickness, and lateral pressure profiles (mediated through a change in area per
lipid). Despite their obvious advantages and the relative ease in their construction, reconstituting
membrane proteins into phospholipid vesicles requires a lengthy process of dialysing or gel filtering
the detergent so as to solubilise the membrane proteins. In addition, there is little control over the
orientation of the membrane protein across the bilayer (22). Due to the size of the vesicle (the
diameter is typically > 50 nm), the system is too large as an all-atom model for even the most
sophisticated computing platform.
1.2.1.4 Biological membranes
Biological membranes are complex and often exhibit unpredictable behaviour. They are crowded
with membrane proteins, glycoproteins, and steroids, all of which can interfere with membrane
protein function and structure by contributing to a life-time of non-specific interactions, thus making
free energy calculation of association between membrane proteins of interest an approximation
at best. The variation in lipid composition can also contribute to a change in membrane protein
behaviour and structure. Cell-based TM protein interaction assays used for screening helix-helix
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interactions, such as ToxR (23, 24), TOXCAT (25), GALLEX (26), and POSSYYCAT (27), are
not always reproducible and are prone to experimental fluctuations. Further more, it is possible for
a very small change in the environment, for example: heat shock; starvation; and resistance to or
absence of antibiotics, can to lead to unpredicted cellular responses.
Membrane-mimetics
Advantages Disadvantages Applicable Not applicable
Isotropic solvents
Very easy to use No anisotropy AUC, DC, cross-
linking,
CR, cell-based assays,
High solubility of TM regions Poor solubility of hydrophilic
flanks
DSC, IR, ITC, MD,
NMR,
enzymatic assays, EPR,
Cheap Disruption of tertiary structure SEC (FI, DLS) Mi, PAGE, SPR
Detergent micelles
Easy to prepare and use Poor detergent packing AUC, CD, crossing-
linking,
CR, cell-based assays,
Mi
High solubility Pronounced dynamics enzymatic assays, EPR,
Moderate light scattering Changes in micellar size and
shape
FI, IR, MD, NMR,
PAGE,
Fast tumbling Disturbance of tertiary structure (DLS, SEC, SPR)
Lipid bilayers
Native-like environment Reconstitution necessary CD, crossing-linking, Cell-based assays,
Bilayer asymmetry possible Substantial light scattering enzymatic assays, PAGE, SEC
Transmembrane transport mea-
surable
Slow tumbling EPR, FI, IR, ITC, MD,
Expensive NMR, CR, SPR (AUC,
DLS, DSC, Mi)
Biological membranes
Native environment High complexity CR, cell-based assays, AUC, CD, DLS, DSC,
Organismic level Difficult to control crossing-linking, IR, ITC, EPR, MD,
Transmembrane transport mea-
surable
Interference with other cell com-
ponents/functions
enzymatic assays, FI, PAGE, SEC, SPR
No high-resolution structures Mi (NMR)
Table 1.1: Recreated from a review on membrane-mimetics by Bordag and Keller (17). CR, conductance recordings; DLS,
dynamic light calorimetry; EPR, electron paramagnetic resonance; FI, fluorescence-based methods; Mi, microscopy;
SPR, surface plasmon resonance; CD, circular dichroism; MD, molecular dynamics; IR, infra-red-based methods;
AUC, analytical ultracentrifuge; ITC, isothermal titration calorimetry; NMR, nuclear magnetic resonance; PAGE,
polyacrylimide gel electropharisis methods
1.2.2 TM interaction motifs
TM domain interaction motifs are patterns of amino acids, key to mediating the strong association
of TM domains. Alteration to any part of the motif results in significant disruption to TM domain
association. With an identifiable pattern, motifs have been used as determinants of protein folding to
help predict TM domain interactions and structure. Motifs identified in TM proteins fall into one of
three categories: small-xxx-small, notably the GxxxG (GG4) motif; heptad repeats; or interactions
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driven by the promiscuous positioning of polar side chains in the lipid chain environment. We look
at each motif in detail below.
1.2.2.1 Small-xxx-small TM interaction motifs
Association of TM helices within a membrane bilayer can be stabilized by interactions between
specific amino acid motifs. Statistical analysis of amino acid patterns of a Swiss-Prot database of
helical TM proteins revealed an over representation of small residues (alanine, glycine and serine)
at i and i+4 in association with larger aliphatic residues (28). An interaction motif of this design is
commonly referred to as small-xxx-small. A survey of known membrane protein sequences has
shown that the GG4 motif is over represented in the TM domains of membrane proteins (29, 30).
Based on mutagenesis of the glycophorin A (GpA) TM helix, Lemmon et al., (31) proposed that
the sequence 75L76Ixx79G80Vxx83G84Vxx87T helped establish self-association (see Figure 1.3 (A)).
The arrangement of two glycines three residues apart (79Gxxx83G) results in an indentation along
the same helical face. A conformational search in a low dielectric environment (32), confirmed
by NMR structural analysis (30), concluded that GpA adopted a right handed crossing angle of
-40◦ with closest point of helix-crossing at the 79G and 83G residues. The tight packing between
interhelical glycines maximise van der Waals interactions, and a high crossing angle ensures
additional enthalpic contributions between bulkier β-branched amino acids. By systematically
adjusting the number of intermediate residues, three intermediate residues between glycines were
confirmed as the optimum (24). Further analysis determined that the strong helix-helix dimerisation
could be disrupted after substituting a glycine for an isoleucine. The bulkier hydrophobic side chain
disrupts the tight packing arrangement, dramatically destabilising TM domains interactions. This
was confirmed on low complexity scaffolds of polyvaline and polymethionine TM proteins using
the TOXR assay (24). Since these early studies, GpA and the G83I mutant have become common
standards for a number of in vivo and in vitro TM protein association assays (26, 33).
Besides GpA, the GG4 motif has been identified in the TM domain of several other integral mem-
brane proteins. To name a few: the phage M12 coat protein (34); the heparan sulfate proteoglycan
N-syndecan (35); the β2-adrenergic receptor (36); the amyloid precursor protein β-carboxy-terminal
fragment (8); and Japanese encephalitis virus prM protein adopting a heterodimer with E pro-
teins (37). Small-xxx-small motifs have also been found in homodimers of: Scavenger receptor
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L76
I75
G79
V80
G83
T87
HIS
SER
SER
GLN
A B C
Figure 1.3: (A) The established minimum residues required to stabilise GpA TM domain. (B) Tar-1 (1VLT) TM domain
showing polar residues serine and glutamine packing at the helix-helix interface. (C) BNIP3 (2KA1), small residues
176A, 180G and 184G provide a close packing of helices which results in a hydrogen bond between serine and histidine.
class B, type I (38); ErbB2 (39); EphA1 (40); BNIP3 (41, 42) (Figure 1.3 (C)), and in the het-
erodimers of αIIb/β3 (43, 44) and ErbB1/ErbB3 (45). Although, neither isoleucine or valine are
considered to have a short side chain, the motifs I659xxxV663 and A661xxxG665, have been found in
rat Neu receptor tyrosine kinase TM domain (46).
Although the GG4 motif has been shown to play a significant role in TM helix dimerisation, there
are claims that it is in fact the neighbouring aliphatic side chains, which stabilise TM domain
association (47, 48), suggesting that the sequence modulates the strength of dimerisation. This
was emphasised by Unterreitmeier et al (49), who demonstrated that dimerisation of a sequences
containing a GG4 motif could be affected by a phenylalanine, yielding the sequence FxxGxxxG.
An extension to the works of sequence context modulation of GG4 demonstrated histidine flanked
with either glycine or serine stabilised GG4 mediated dimersiation (50). However, a minimised
GpA motif (GVxxGVxxT) on a polyleucine peptide in detergent micelles yielded oligomerisation
without the assistance of neighbouring side chains (51), making it apparent that the membrane
mimetic used to solubilise the TM peptide also has a profound influence on oligomerisation.
1.2.2.2 Heptad repeat transmembrane interaction motifs
The heptad repeat motif, composed of a seven residue repeat abcdefg, is prevalent amongst integral
membrane proteins and soluble proteins alike (52, 53). Its left handed helix-helix crossing angle
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ensures contact between helices every 3.5 amino acids resulting in the seven amino acid repeat.
On rare exceptions, a heptad repeat containing a GG4 motif can form a right handed helix-helix
crossing angle (54), which is often a characteristic of a small-xxx-small mediated TM domain
dimerisation.
The tight packing due to reduced residue turns in a left-handed helix-helix dimer results in a smaller
positive crossing angle, giving the appearance of a ‘coiled coil’ or ’supercoiling’. The heptad
pattern repeats two to three times, with a ‘knobs-into-holes’ arrangement of side chains stabilising
oligomerisation (54). The side chains of one helix protrude into cavities formed by the side chains
of the opposite helix typically using sites a and d as primary interaction sites (Figure 1.4 (A)). Side
chains at sites e and g can be charged, resulting in interhelical salt-bridges. Finally, sites b, c and f
are considered as sites interacting directly with the lipid environment. In the case of a TM trimer the
same interaction sites contribute to oligomeric stability, however interactions are shared between
three helical faces (Figure 1.4 (B)).
A
B
C
D
Figure 1.4: Heptad repeat motifs to support a TM (A) dimer, and (B) trimer. Recreated (55). The reaction centre from
Blastochloris viridis strain (3T6D) (56), subunit M, showing TM domain heptad repeat (C) g and e, and (D) a and d,
interaction sites.
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Leucine zipper motifs
Swiss-prot ID TM domain sequence
CAD1_XENLA 705ILGGILALLLLLLLLL
CAD3_HUMAN 659VLGAVLALLFLLLVLL
CADB_CHICK 559VLAVLGAVLALLLVLL
CADF_HUMAN 611LASALLLLVLVLLVAL
CD72_MOUSE 93LQNFLLGLLLSCLMLG
ENV_FRSFB 339LLIILLLLLILLLWTL
EPOR_MOUSE 256LILVLISLLLTVLALL
GPBB_HUMAN 155LALLGLGLLHALLLVL
HEMA_CDVO 38LLFVLLILLVGILALL
LECH_CHICK 27AVYVLLALSFLLLTLL
PVR_MOUSE 35LLVLLLAGGFLALILL
SRPB_MOUSE 35LLSVAVALLAVLLTLV
TNRC_MOUSE 223LLAILLSLVLFLLFTT
VE5A_BPV1 14AAMQLLLLLFLLLFFL
VGLX_HSVBS 395LAIALLVLLFSLVIVL
Table 1.2: Leucine zipper-like heptad repeats found in native TM domains. Reproduced from Gurezka (60).
Early studies in TM domain oligomerisation, found heptad repeat interhelical ‘knobs-into-holes’
packing in photosynthetic reaction centres (57) (Figure 1.4 (C) and (D)), bacteriorhodopsin (58),
and cytochrome C oxidase (59). Further more, a recent statistical analysis on sequences from a
Swiss-Prot database of TM proteins identified fifteen TM domains (see Table 1.2) which conformed
to a sequence akin to a soluble leucine-zipper (60) (a soluble coiled-coil protein stabilised from the
packing arrangement of stacked leucine side chains).
1.2.2.3 Polar transmembrane interaction motifs
The central region of the helical peptide adjacent to the lipid hydrocarbon region is occupied
predominately by the nonpolar residues alanine, leucine, valine, isoleucine or phenylalanine. Polar
or charged residues are usually found at the flanking region of the TM domain, the lipid-to-water
interface, where residues such as arginine, aspartic acid, asparagine, glutamic acid, glutamine and
lysine, have the potential to form O–H··O or N–H··O hydrogen bonds with lipid head groups regions
of the bilayer or O-H· · ·O hydrogen bonding with water molecules (61). The behaviour described as
the interaction between positively charged side chains and the negatively charged phosphate group
of lipids is known as snorkelling (62). Water molecules are able to permeate the hydrophobic region
of the bilayer by forming a network of hydrogen bonds from the charged side chain through to the
bulk water. Besides interacting with water, charged side chains are thought to form salt-bridges,
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which moderately contribute to helix-helix stability (7).
There is a significant energetic cost of inserting polar groups into the bilayer due to the unfavourable
dipolar mismatch between nonpolar hydrocarbon chains and polar side chains (and polar backbones
for a non-helical structure). Peptide and protein hydrophobicity scales (63, 64, 65, 66) estimate
an energetic cost of 0.3 – 1.0 kcal/mol for the insertion of polar groups into the bilayer, and 1 –
6 kcal/mol for the insertion of peptide bonds or charged side chains. This penalty, however, has
been attributed to some interesting mechanisms of TM protein association mediated through polar
residue interactions.
One of the early works on polar residue mediated self association demonstrated the formation
of a TM trimer upon the substitution of valine to asparagine on a low complexity sequence
of a hydrophobic heptad repeat (67). Mutation of asparagine to valine essentially eliminates
oligomerisation. This would suggest that a single asparagine residue buried at the centre of a
very non-polar heptad repeat could provide the thermodynamic drive into membrane protein self-
association. Interestingly, the heptad repeat sequence was derived from the soluble GCN4-P1 two
stranded coiled-coil peptide, part of the yeast transcription factor GCN4 (68). This demonstrates
the viability of retaining the buried hydrophobic residues of a soluble heptad repeat sequence for
membrane protein designs. Gratkowski et al., (69) extended this study by substituting the asparagine
for glutamic acid, glutamine, lysine, serine and threonine. They concluded that glutamine, glutamic
acid and histidine were capable of forming trimers due to a hydrogen bond network between polar
side chains after protonation of side chain carboxyl groups. Serine and threonine were thought not
to promote helix-helix association as the short side chain length would favour a hydrogen bond
from the side chain hydroxyl group to the backbone carbonyl oxygen of the residue one helical
turn directly above. Finally, it was concluded that lysine did not form helical bundles as it only has
one polar atom (unlike the two polar groups on the side chain of glutamic acid and asparagine);
therefore it had fewer sites to form interhelical hydrogen bonds.
A similar study by Zhou et al., (70) demonstrated that polyleucine self-association could be driven
by the inclusion of a singe glutamic acid, glutamine, histidine, aspartic acid and asparagine, yet
threonine, and serine do not associate more than the polyleucine sequences. Interestingly, the serine
motifs SxxSSxxT and SxxxSSxxT were later found to stabilise TM oligomerisation (71). It is likely
that the packing of serine residues adopts a small-xxx-small alignment, bringing the helices closer
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than in the case of a single serine residue, and thus encouraging interhelical hydrogen bonding. A
further example of the role played by polar residues is the glutamic acid involved in TM protein
oligomerisation of the oncogenic rat Neu and human ErbB-2, which has inspired a significant
number of studies (72, 73, 74, 46), and still remains in contention to this day. A further review of
this TM protein is given in chapter 4.
As it turns out, placing a polar residue into a TM sequence is not always enough to promote
oligomerisation. The propensity for helix-helix association is complicated further by the specific
location of the polar residue with respect to the hydrophobic core of the bilayer and how sequence
context can modulate polar side chain interhelical association. Lear et al., (75) performed the first
study on the position of asparagine on a heptad repeat template in detergent micelles to elicit free
energy differences using analytical ultracentrifugation. They concluded that an asparagine side chain
within the hydrophobic core of the transmembrane dimer significantly stabilised self-association
compared to when placed near the lipid-water interface. This would suggest the ability to shield the
polarity of asparagine by packing beside the lipid-water interface (head group region). Further more,
using in vitro translation of a model protein in the presence of dog pancreas rough microsomes,
Hessa et al., (66) determined such position-specific free energy contributions from all twenty
amino acids. Strongly polar side chains were found to contribute approximately 1.8 kcal mol−1,
+1.8 kcal mol−1, and +1.6 kcal mol−1, per aspartic acid, lysine and asparagine residue, respectively.
Statistical analysis over a data set of 170 integral membrane proteins (76), revealed that charged
amino acids predominately favoured the lipid-water interface, a consequence of the energetic penalty
of inserting charged amino acids into membrane bilayers. Further more, the distribution of charged
amino acids was asymmetric, occurring more frequently on the cytoplasmic side of the TM helix.
This asymmetric distribution of charged residues maybe due to the enrichment of sphingolipids
and sterols in the extra-cytoplasmic leaflet (77). As far as the neighbouring sequence is concerned,
Dawson et al., (78), found that the effectiveness in self-association from interhelical hydrogen
bonding between strongly polar residues was greatly influenced by the sequence of a native TM
domain (notably, variants of bacteriophase M13 major coat protein, activated T cell receptor TM
domains, and B cell antigen receptor domains), and Herrmann et al., (79) concluded that glutamic
acid, asparagine, lysine and arganine were significantly over represented in the presence of GG4
motifs. This would suggest that a single GG4 motif is usually not enough to stabilise TM domain
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association alone, requiring the additional interhelical interactions of neighbouring polar residues,
a further note of contention with regards to the precise dimerisation contribution a GG4 motif can
make by itself.
1.2.3 Protein-lipid mediated oligomerisation
When considering the TM protein folding problem in a membrane environment, there are two
things which should be considered: (i) what affect does the membrane-mimetic have on the intrinsic
fold of individual membrane helices; and (ii) how does the membrane-mimetic composition affect
helical TM domain aggregation. It is thought that as many as one in four TM domains lack the
predicted hydrophobicity to allow spontaneous insertion into the bilayer (66). This suggests that
the membrane protein folding problem is not simply a case of understanding TM helix-helix
interactions, and that the lipid environment is thought to play a role in TM protein stability (80).
Therefore, the choice in the membrane mimetic must be carefully considered whilst analysing the
dynamic and structure of TM proteins. A recent study by Tulumello and Deber (80) suggested that a
number of detergent micelles were capable of maintaining the helical composition of a TM segment
similar to the helical structure of the intact protein in a native lipid environment. Interestingly,
investigation of GpA in model membranes concluded that strong dimerisation of GpA during in
vitro studies may be an artifact of homogeneous model bilayers, given that natural membrane
environments promote destabilising contributions from electrostatic interactions between charged
lipids and charged side chains and nonspecific competition from other membrane proteins (81).
Generally speaking, a model bilayer is typically composed of one to three lipid types and has a
large lipid to protein ratio. On the other hand, almost over half the total mass of natural membrane
systems is contributed to membrane proteins (82). One would expect model membranes to promote
a very different equilibrium for TM domain association.
It is well known that the chemical composition of the bilayer can lead to a condition of hydrophobic
mismatch between TM helix length and bilayer thickness which, in turn, can induce conformational
changes in a protein (83). The idea that the lipid environment may control the dimerisation mode
of TM proteins is not new (84). Unrestrained united atom MD simulations and structural analysis
using solid state NMR confirmed that a change from long chain lipids to short chain lipids increased
the dimer tilt angle and resulted in a reduction in dimer stability (85). Such rearrangement can,
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however, alter the TM domain secondary structure (86), and cases of hydrophobic mismatch have
been shown to influence association of helical TM domains (87, 88, 89). Alternatively, there are
many examples where the presence of protein has induced changes to the bilayer structure (see
Figure 6.1 and Figure 6.2). For example, TM proteins can adjust to mismatch by stretching or
disordering nearby lipids (90, 91, 83). Also, short helices can cause negative membrane curvature
to the bilayer (92, 93, 94), and there is the suggestion that lipids are arranged according to the
hydrophobic length of the TM domain (95). Polyansky et al., demonstrated using computational free
energy calculations, that the interactions between individual TM helices with different membrane-
mimetics contributed to either an energy loss or energy gain which would consequently affect TM
helical self-association in a family of epidermal growth factor receptors (96). Given the diverse and
complex nature of the lipid bilayer, elucidating relationships between lipid bilayer compositions
with TM protein oligomerisation is difficult and far from complete.
1.3 Low complexity sequence scaffolds
A TM low complexity scaffold is composed from the bare essential amino acids required to
assemble an α-helix and to satisfy the required hydrophobicity for spontaneous insertion. These two
requirements are typically fulfilled by using either a polyleucine sequence, a heptad repeat sequence
(composed from two different non-polar amino acids) or some other arrangement of two different
non-polar amino acids. What follows is an account in the literature of how low complexity scaffolds
have been used to investigate low complexity sequences containing a small-xxx-small motif, a polar
residue, or a duet of polar residues and small-xxx-small motifs. Unlike ‘top-down’ investigations
carried out on native sequences, the available studies are limited. A significant number of low
complexity sequences were constructed for single-site mutagenesis studies derived from the results
of combinatorial plasmid libraries, or iterative reconstruction of a native protein based on heuristics
from structural analysis. The following low complexity sequence review is separated according
to the adjustment made to the low complexity scaffold, notably, GG4 or a small-xxx-small motif,
polar or ionic residues, aromatic residues, and all other studies. We are particularly interested in the
arrangement of the low complexity sequence, the experimental procedure performed (in addition to
the membrane-mimetic), and the conclusions drawn.
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1.3.1 GxxxG motif low complexity sequences
A polyvaline and polymethionine low complexity scaffold was modified through a process of
iterative site-directed mutagenesis to identify the amino acid motif mediating glycophorin A homod-
imerisation (24) (from M13). Neither polymethionine nor polyvaline basic sequences demonstrated
significant dimerisation from ToxR analysis. A single substitution of methionine/valine for glycine
had a negligible affect on TM domain association until a second glycine residue was positioned,
three residues from the first resulting in a significant increase in homodimerisation. Isoleucine,
leucine, and tyrosine residues were added at the respective position found at the GpA TM do-
main: 75L76Ixx79G80Vxx83G84Vxx87T. These additional adjustments to the basic sequence failed
to encourage further increase in self-association. These results suggest that in the context of
a polymethionine and polyvaline low complexity scaffold, a GG4 motif stabilises TM domain
oligomerisation. Further to this work, a minimised GpA dimerisation motif was systematically
grafted onto a polyleucine low complexity scaffold (51) (from GG). Given the large increase in
propensity for dimerisation after the GG4 motif was added and prior to the additional GpA residues,
polyleucine proves to form a stable scaffold to form strong TM domain oligomers. In addition,
polyleucine scaffolds were used to investigate the effects of helix-helix association whilst adjusting
the length of the hydrophobic helix by adding or removing flanking leucine residues. The ideal TM
domain length according to three different PAGE analysis techniques is 18 to 24 leucine residues.
Both studies (24, 51) were performed in vivo. The propensity for specific oligomeric states (dimer
and trimer) was not reported.
The low complexity scaffolds polyleucine and polyalanine (97), were randomised at interhelical
packing sites using a library of plasmid constructs (Randomised A16/A17 library). Sequences with
a high-affinity for dimerisation were isolated using the in vivo TOXCAT system (25). Over 80%
of the identified systems contained a GG4 motif. As seen earlier by Herrmann et al., (79), GG4
isolates were accompanied by flanking residues, notably valine, leucine, isoleucine and threonine
on a polyleucine scaffold, and a strong propensity for an additional glycine along with either
valine, leucine or isoleucine on a polyalanine scaffold. Interestingly, the emerging patterns in the
high-affinity isolated polyleucine sequences are similar to the iconic GpA sequences stated earlier,
conforming to either G[large]xxG[large]xx[small] or G[small]xxG[small]xxT. The frequently
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occurring patterns would suggest that these positions and amino acid types are indicative of a
favourable packing motif. Either [large] and [small] residues beside each glycine residue is not
surprising assuming that in either case the side chain would not pack directly at the helix-helix
interface, therefore, the size of the size chain would not affect association.
Using the in vivo POSSYCATT (27) assay to screen a plasmid library of TM protein sequences for
high helix-helix affinity sequences (49), the over-represented FxxGxxxG sequence was identified
and analysed further by grafting the sequence onto a polymethionine low complexity scaffold
(from L16). The results from adjusting the position of the phenylalanine yielded a high propensity
for oligomerisation providing the FxxGxxxG motif was preserved. The proximity to the helix-
helix closest point of approach, in addition to the position of the phenylalanine on the helix may
suggest that a GG4 mediated packing motif can be stabilised further by potential pi aromatic
interactions. The FxxGxxxG motif was grafted onto two further low complexity scaffolds, AZ2
and polyleucine. Although, both sequences demonstrate a poor propensity for oligomerisation,
after systematically replacing three native residues with an FxxGxxxG motif the AZ2 construct
demonstrated significantly higher levels of oligomerisation when grafted onto the polyleucine low
complexity scaffold. This would suggest that the mode of oligomerisaiton of this motif was highly
sequence dependent.
GxxxG and small-xxx-small motifs
Name* Sequence Reference
*Naming convention from literature
M13 MMMMMMMMMMMMM Brosig and Langosch (24).
M12.1 MMMMGMMMMMMMM
M12.2 MMMMMMMMGMMMM
M11 MMMMGMMMGMMMM
M9 MIMMGMMMGMMMT
M8 LIMMGMMMGMMMT
V13 VVVVVVVVVVVVV
V11 VVVVGVVVGVVVV
V9 VIVVGVVVGVVVT
V8.1 LIVVGVVVGVVVT
V6 LIVVGAVVGAVVT
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V7 AAVVGVVVGVVAA
GG LLLLLLGLLLGLLLLLLL Orzáezet al (51).
GVGV LLLLLLGVLLGVLLLLLL
IGVGV LLLILLGVLLGVLLLLLL
GGT LLLLLLGLLLGLLLTLLL
GVGT LLLLLLGVLLGLLLTLLL
GGVT LLLLLLGLLLGVLLTLLL
LLGVT LLLLLLLLLLGVLLTLLL
GVGVT LLLLLLGVLLGVLLTLLL
IGVGVT LLLILLGVLLGVLLTLLL
GGS LLLLLLGLLLGLLLSLLL
GGN LLLLLLGLLLGLLLNLLL
GVGVS LLLLLLGVLLGVLLSLLL
GVGVN LLLLLLGVLLGVLLNLLL
Randomised A16 library ASxxAAxxAAxxAAxAILI Russ and Engelman (97).
Randomised L16 library LSxxLLxxLLxxLLxLILI
L16 LLLLLLLLLLLLLLLL Unterreitmeier et al (49).
L16-L5F/L8G/L12G LLLLFLLGLLLGLLLL
AZ2 LLAALLALLAALLALL
AZ2-L8G/L12G LLAALLAGLAAGLALL
AZ2-L5F/L8G LLAAFLAGLAALLALL
AZ2-L5F/L8G/L12A LLAAFLAGLAAALALL
AZ2-L5F/L8G/L12G LLAAFLAGLAAGLALL
M11 MMMMGMMMGMMMM
MM-M1F FMMMGMMMGMMMM
MM-M2F MFMMGMMMGMMMM
MM-M3F MMFMGMMMGMMMM
MM-M4F MMMFGMMMGMMMM
MM-M5F MMMMFMMMGMMMM
MM-M6F MMMMGFMMGMMMM
MM-M7F MMMMGMFMGMMMM
MM-M8F MMMMGMMFGMMMM
MM-M9F MMMMGMMMFMMMM
MM-M10F MMMMGMMMGFMMM
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MM-M11F MMMMGMMMGMFMM
MM-M12F MMMMGMMMGMMFM
MM-M13F MMMMGMMMGMMMF
MM-M2W MWMMGMMMGMMMM
MM-M2Y MYMMGMMMGMMMM
1.3.2 Polar and/or ionic side chain motif low complexity sequences
A systematic asparagine-scanning mutagenesis of a polyleucine low complexity scaffold was
performed and self-association was measured using the ToxR chimeric protein system (98) (from
Leu20). The strongest impact on TM domain self-association was seen when asparagine was
located around the centre of the TM domain sequence, at 7L, 11L, 14L, and 18L. These residues
map to sites d and a on a heptad repeat sequence, placing them at the helix-helix interface of a
leucine zipper. In addition, site-mutagenesis on heptad positions g and e at the centre of the TM
domain, were seen to also stabilise oligomerisation suggesting that flanking asparagine side chains
can stabilise a polyleucine low complexity TM domain. Oligomerisation was confirmed using
SDS-PAGE analysis. The polyleucine control was shown to be monomeric, along with N-terminal
asparagine site sequences L1N to L6N, and C-terminal asparagine site sequences L16 to L20. All
other sequences were dimeric.
Position-specific histidine residues, flanked with glycine, serine and/or threonine, in addition to
a C-terminal GG4 motif were selected using the TOXCAT assay from a combinatorial library of
plasmid sequences on a polyleucine scaffold (50) (randomised L16 library). Mutational analysis
on selected sequences confirmed that histidine side chains would form a network of interhelical
hydrogen bonds, mediated via the tight packing of the GG4 motif.
Interhelical ionic interactions between oppositely charged side chains were shown to stabilise TM
domain association depending on sequence context (79) from ToxR and site-directed mutagenesis
analysis (from L16). In the presence of a C-terminal GG4 motif, a single charged aspartic acid
moderately encouraged self-association with respect to a polyleucine sequence and a C-terminal
GG4 motif. With the addition of a second oppositely charged ionic residue, arginine, TM domain
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association is substantially increased. Finally, adding two additional residues, cysteine and tyrosine,
or serine and histidine, increases association further from hydrogen bonding or an ionic-pi interaction
in the case of tyrosine interacting with arganine.
A low complexity scaffold of mixed leucine and alanine (from 9TM+Leu) was used to elicit the
minimal dimerisation motif of the bacterial Tar-1 homodimer TM domain (99) (the arrangement
of polar residues in Tar-1 can be seen in Figure 1.3 (B)). The polar residues, glutamine and serine
when placed two residues apart, stabilised self-association. Interestingly, the QxxS motif grafted
onto a polyalanine low complexity scaffold gave no indication of oligomerisation. As it would
happen, although SDS-PAGE suggested that the polyalanine chimera proteins were being expressed,
the absence of growth on a maltose minimal media plate suggested that polyalanine would not
spontaneously insert into the bilayer. This may be due to the borderline hydrophilic nature of
alanine in addition to the energetic penalty attributed to the cost of inserting serine and glutamine
into a hydrophobic lipid environment.
A low complexity sequence of polyleucine residues (pVNVV and pVVVV) with an interfacial
sequence of valine-asparagine-valine-valine was used to record free energy values before and after an
asparagine to valine substitution (100). Computational potential of means force (PMF) calculations
enables the decomposition of the free energy from helix-helix and helix-lipid interactions. The
low complexity sequence provided an efficient platform to report significant per-reside energetic
contributions, as is the case of a centrally located asparagine residue which suggests favourable
patterns of interhelical hydrogen bonding between asparagine on a polyleucine scaffold.
Finally, inspired by a polyleucine heptad repeat with interfacial residues asparagine and valine,
Zhou et al., (70) positioned a single polar residue in interfacial sites (a and d) on a polyleucine low
complexity sequence (from L23). Polar residues serine, threonine and tyrosine failed to encourage
self association compared to the low complexity polyleucine control, possibly due to the propensity
for these residues to form hydrogen bonds with the backbone oxygen. Whereas, asparagine,
aspartic acid, glutamine, glutamic acid and histidine, residues were capable of being simultaneously
hydrogen bond donors and acceptors.
Although, far from being a combinatorial analysis over all naturally occurring amino acids on a
low complexity scaffold, Shi et al., (101) used two polyalanine low complexity scaffolds to study
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the potential interactions between a phenylalanine and glutamic acid (from EFE4-4 and EFE505).
Their study is an indispensable example of low complexity sequences analysed using 1H NMR
spectroscopy, in sight of many in vivo helix-helix interactions assays reviewed thus far. They
concluded that the hydrogen bond between the glutamic acid hydrogen and the phenylalanine
oxygen, C-H· · ·O respectively, contributed approximately -0.5 kcal mol−1 per pair.
Low complexity scaffolds can be used to study other TM domain associated behaviour besides
helix-helix packing. For example, out current understanding of how a sequence containing polar
amino acids are translocated from the Sec61/SecY translocon into membrane bilayer without the
assistance of existing helical TM proteins is limited. Using a TM domain sequence of repeating
alanine-leucine pairs, a central residue was substituted with an arginine, a lysine, a glutamic acid,
or an aspartic acid. MD simulations of low complexity TM helices were used as a basis for
understanding how single charged amino acids behaved within the lipid core (102) (from K14-D14).
Studies were performed by inserting pairs of low complexity scaffolds containing an oppositely
charged central amino acid substitution. Several water molecules were shown to penetrate the
bilayer and stabilise the charged side chains in addition to interhelical salt-bridge interactions
between the charged side chains. A hydrogen bond network between permeated water and polar
side chains could negate the energy penalty for inserting polar side chains into the non-polar lipid
environment.
Polar and/or ionic motifs
Name* Sequence Reference
*Naming convention from literature
Leu20 LLLLLLLLLLLLLLLLLLLL Ruan et al (98).
L1N NLLLLLLLLLLLLLLLLLLL
L2N LNLLLLLLLLLLLLLLLLLL
L· · ·N · · ·
L19N LLLLLLLLLLLLLLLLLLNL
L20N LLLLLLLLLLLLLLLLLLLN
Randomised L16 library LxLLxxLxxLLxxLLx Herrmann et al (50).
L16 LLLLLLLLLLLLLLLLG Herrmann et al (79).
L16D5 LLLLDLLLLLLLLLLLG
L16R6 LLLLLRLLLLLLLLLLG
L16D5R6 LLLLDRLLLLLLLLLLG
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L16G13 LLLLLLLLLLLLGLLLG
L16D5G13 LLLLDLLLLLLLGLLLG
L16R6G13 LLLLLRLLLLLLGLLLG
L16D5R6G13 LLLLDRLLLLLLGLLLG
L16D5C8G13 LLLLDLLCLLLLGLLLG
L16D5Y9G13 LLLLDLLLYLLLGLLLG
L16R6C8G13 LLLLLRLCLLLLGLLLG
L16R6Y9G13 LLLLLRLLYLLLGLLLG
L16D5R6C8G13 LLLLDRLCLLLLGLLLG
L16D5R6Y9G13 LLLLDRLLYLLLGLLLG
L16D5R6C8Y9G13 LLLLDRLCYLLLGLLLG
L16R6 LLLLLRLLLLLLLLLLG
L16E8 LLLLLLLELLLLLLLLG
L16R6E8 LLLLLRLELLLLLLLLG
L16G13 LLLLLLLLLLLLGLLLG
L16R6G13 LLLLLRLLLLLLGLLLG
L16E8G13 LLLLLLLELLLLGLLLG
L16R6E8G13 LLLLLRLELLLLGLLLG
L16R6E8G9G13 LLLLLRLEGLLLGLLLG
L16S5R6E8G9G13 LLLLSRLEGLLLGLLLG
L16R6E8G9H12G13 LLLLLRLEGLLHGLLLG
L16S5R6E8G9H12G13 LLLLSRLEGLLHGLLLG
9TM+Leu LLLLLLLLLQLISGSL Sal-man et al (99).
QXXS+backbone LLLLLLLAAQAASAAA
Leu+Ala LLLLLLLAAAAAAAAA
QXXS+Ala AAAAAAAAAQAASAAA
pVNVV LLLLVLLLLLLNLLLLLLVLLLLLLVL Lee and Im (100).
pVVVV LLLLVLLLLLLLLLLLLLVLLLLLLVL
L23 RLLLLLLLLLLLLLLLLLLLLLLLRRLI Zhou et al (70).
VNVV RVLLLLLLNLLLLLLVLLLLLLVLRRLI
L7NL15 RLLLLLLLNLLLLLLLLLLLLLLLRRLI
L7DL15 RLLLLLLLDLLLLLLLLLLLLLLLRRLI
L7QL15 RLLLLLLLQLLLLLLLLLLLLLLLRRLI
L7EL15 RLLLLLLLELLLLLLLLLLLLLLLRRLI
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L7HL15 RLLLLLLLHLLLLLLLLLLLLLLLRRLI
L7SL15 RLLLLLLLSLLLLLLLLLLLLLLLRRLI
L7YL15 RLLLLLLLYLLLLLLLLLLLLLLLRRLI
L7TL15 RLLLLLLLTLLLLLLLLLLLLLLLRRLI
L19 RARLLLLLLLLLLLLLLLLLLLGILIN
L7NL11 RARLLLLLLLNLLLLLLLLLLLGILIN
L7DL11 RARLLLLLLLDLLLLLLLLLLLGILIN
L7EL11 RARLLLLLLLELLLLLLLLLLLGILIN
L7HL11 RARLLLLLLLHLLLLLLLLLLLGILIN
L7SL11 RARLLLLLLLSLLLLLLLLLLLGILIN
L7YL11 RARLLLLLLLYLLLLLLLLLLLGILIN
L7TL11 RARLLLLLLLTLLLLLLLLLLLGILIN
EFE4-4 AAAAAEAAAFAAAEAAAAA Shi et al (101).
EFE5-5 AAAAEAAAAFAAAAEAAAA
K14-D14
GGPGAAAALALALKLALALAAAAGPGG Jusoh and Helms (102).
GGPGAAAALALALDLALALAAAAGPGG
R14-D14
GGPGAAAALALALRLALALAAAAGPGG
GGPGAAAALALALDLALALAAAAGPGG
K14-E14
GGPGAAAALALALKLALALAAAAGPGG
GGPGAAAALALALELALALAAAAGPGG
R14-E14
GGPGAAAALALALRLALALAAAAGPGG
GGPGAAAALALALELALALAAAAGPGG
K12-E16
GGPGAAAALALKLALALALAAAAGPGG
GGPGAAAALALALALELALAAAAGPGG
R12-E16
GGPGAAAALALRLALALALAAAAGPGG
GGPGAAAALALALALELALAAAAGPGG
R12-D16
GGPGAAAALALRLALALALAAAAGPGG
GGPGAAAALALALALDLALAAAAGPGG
K12-D16
GGPGAAAALALKLALALALAAAAGPGG
GGPGAAAALALALALDLALAAAAGPGG
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1.3.3 Aromatic motif low complexity sequences
The electrostatic attraction between a positive charge and the conjugated pi electrons of an aromatic
ring was shown to mediate the self-association of a low complexity TM domain sequence of repeat-
ing alanine and isoleucine residues (103) (From AAA). Combinations of cation and/or aromatics
pairings were positioned one residue apart. According to energy minimisation of a molecular model
of the WAK TM protein sequence (AIAIAIIAWAKAIIAIAIAI), the arrangement of flanking
residues resulted in the aromatic ring of tryptophane coming within interaction distance of the
charged side chain of lysine on the neighbouring helix. Their propensity for self-association in
vivo was assessed using a chloramphenicol acetyltransferase enzyme-linked immunosorbent assay.
Results confirmed that although the principal van der Waals packing mediated self-association,
the addition of electrostatic interactions between conjugated pi and cation interactions were promi-
nent. Interestingly, self-association of low complexity sequences with a single cation residue was
shown to increase. Given that one would expect repulsion between charged side chains, if the pKa
was shifted, these residues would become deprotonated, resulting in interhelical hydrogen bond
formation between side chains.
A randomised library of AZ2 heptad repeat TM domain sequences was screened using the POSSYC-
CAT system (104). A comparison between high dimer affinity sequences revealed an abundance of
tryptophan. Against an AZ2 low complexity background, tryptophan placed at heptad sites g demon-
strated a significant increase in self-association. Identically placed tryptophan on a polyleucine
low complexity scaffold performed only half as well. This suggests that although tryptophan can
encourage self-association in the context of both low complexity scaffolds, the difference between
the scaffolds affects oligomerisation. It would have to be assumed that the same substitution on
two low complexity scaffolds, which by themselves are equally poor dimers, suggests a sequence
context driven by tryptophan association.
Low complexity scaffolds of mixed alanine-leucine and a polyleucine sequence had previously been
used to investigate the interaction motif QxxS (99). This study was extended further by replacing
the glutamine and serine residue with tryptophan (105) (From Leu+Ala). An increased level of
oligomerisation was detected using the TOXCAT reporter assay. A planar arrangement of two
aromatic rings would result in favourable pi-pi interactions, stabilising dimerisation.
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Aromatic side chain motifs
Name* Sequence Reference
*Naming convention from literature
AAA AIAIAIIAAAAAIIAIAIAI Johnson et al (103).
WAA AIAIAIIAWAAAIIAIAIAI
WAK AIAIAIIAWAKAIIAIAIAI
WAH AIAIAIIAWAHAIIAIAIAI
WAR AIAIAIIAWARAIIAIAIAI
YAA AIAIAIIAYAAAIIAIAIAI
YAK AIAIAIIAYAKAIIAIAIAI
FAA AIAIAIIAFAAAIIAIAIAI
FAK AIAIAIIAFAKAIIAIAIAI
AAH AIAIAIIAAAHAIIAIAIAI
AAR AIAIAIIAAARAIIAIAIAI
AAK AIAIAIIAAAKAIIAIAIAI
AZ2 LLAALLALLAALLALL Ridder et al (104).
AZ2-Wa LWAALLALWAALLALW
AZ2-Wd LLAAWLALLAAWLALL
AZ2-We LLAALWALLAALWALL
AZ2-Wg WLAALLAWLAALLAWL
L16 LLLLLLLLLLLLLLLL
L16-Wg WLLLLLLWLLLLLLWL
Leu+Ala LLLLLLLAAAAAAAAA Sal-man et al (105).
QXXS+backbone LLLLLLLAAQAASAAA
WXXW+backbone LLLLLLLAAWAAWAAA
Ala16 AAAAAAAAAAAAAAAA
WXXW+Ala16 AAAAAAAAAWAAWAAA
1.3.4 Miscellaneous low complexity sequences
Besides their use as a scaffold for site-mutagenesis, low complexity sequences have been used to
understand the effects detergent, used to solubilise TM proteins, have on α-helical TM peptide
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stability. Tulumello and Deber (80) sought to report the effects water, anionic, zwitterionic, neutral,
and ‘natural’ (varying acyl tail length) detergents, had on the structure of TM domains of lactose
permease, sodium/galactose symporter, vitamin B12 transporter and the arginine/agmatine antiporter.
Two low complexity sequences were used to augment the studies as controls (AI10 and AI5). By
adjusting the ratio of isoleucine to alanine residues, the authors were able to control the propensity
for spontaneous insertion into the detergent. Both artificial peptides had a statistically equivalent
level of helicity in all detergents according to Circular dichroism spectra. The monitored blue
shift in tryptophan fluorescence spectroscopy was consistent with both peptides interacting with
detergent micelles. In particular, AI10 demonstrated a much greater blue shift, indicative of the
increase in hydrophobicity due to the number of isoleucine residues. The authors concluded that
the denaturing properties of ‘harsh’ and ‘mild’ detergents is largely due to the interaction between
detergent and non-membranous regions of proteins.
The propensity for self-association of the heptad repeat low complexity sequences polyleucine and
AZ2 yielded statistically similar propensities for self-association within biological membranes (106)
(from L16). Adjustments to the underlying AZ2 heptad sequence were made by firstly replacing
the interfacial residues (heptad sites a and d) and then in a separate sequence replacing the side-
interfacial residues (heptad sites e and g). Replacing either pair of leucine residues with alanine
resulted in a significant drop in self-association. They assumed that the polyleucine and AZ2
sequences formed α-helical bundles upon self-association, stabilised via a ‘knobs-into-holes’ type
of side chain packing due to the flexibility of the leucine side chain. The back facing heptad sites of
AZ2 were replaced with alanine, and yet the propensity for self-association did not change. It is
only when leucine residues at interfacial or side-interfacial sites are replaced by the less flexible
alanine is there a reported drop in self-association.
Interestingly, one of the few de novo driven designs based on a low complexity scaffold was an
investigation into TM domain flexibility for fusion protein complexes (107). Valine residues were
systematically added to a polyleucine low complexity scaffold. The ratio of leucine to valine
was crucial to ensure the ability to continually refold between an α-helical state to a β-sheet
conformation. Valines at sites i and i + 4 may result in steric repulsion due its bulky side chain,
which would decrease the number of residues per turn in a helix. Further still, a leucine residue
was replaced with a helix-breaking proline and a helix-kinking glycine with the aim of increasing
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the flexibility of the structure. The final construct demonstrated the required flexibility between
conformations compared with a polyleucine TM domain.
Name* Sequence Reference
*Naming convention from literature
AI10 AIAIAIIAWAIAIIAIAIAI Tulumello and Deber (80).
AI5 AAAIAAIAWAIAAIAAAIAA
L16 LLLLLLLLLLLLLLLL Gurezka et al (106).
A16 AAAAAAAAAAAAAAAA
AZ2 LLAALLALLAALLALL
L2/5/9/12A LAAAALALAAAALALL
L6/8/13/15A LLAALAAALAALAAAL
L16 KKKWLLLLLLLLLLLLLLLLKKK Hofmann et al (107).
LLV16 KKKWLLVLLVLLVLLVLLVLKKK
LV16 KKKWLVLVLVLVLVLVLVLVKKK
VVL16 KKKWVVLVVLVVLVVLVVLVKKK
V16 KKKWVVVVVVVVVVVVVVVVKKK
LV16–G8 KKKWLVLVLVLGLVLVLVLVKKK
LV16–P8 KKKWLVLVLVLPLVLVLVLVKKK
LV16–G8P9 KKKWLVLVLVLGPVLVLVLVKKK
LV16–P8G9 KKKWLVLVLVLPGVLVLVLVKKK
1.4 De novo TM peptide applications
De novo protein design aims to facilitate through rational protein engineering and synthetic biology
ways of improving our understanding, knowledge and practical application of bionanotechnology
and the manufacturing of biomaterials. Unfortunately, the TM protein-folding problem continues
to evade all attempts at mastering the relationship between the peptide sequence and structure.
Numerous efforts in solving the protein folding problem to improve our knowledge in both predictive
and synthetic biology (108, 109) have brought about the idea of a rational protein design starting
from seemingly low complexity peptide scaffolds. It is of no surprise that novel applications of de
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novo engineered TM proteins are scarce at best.
Unlike the successful efforts made at functionalising de novo engineered soluble proteins, designing
a TM protein with a specific application in mind remains elusive. It is clear from the limited
literature available, that the number of successful de novo soluble protein designs, eclipses the
successful efforts at developing de novo TM proteins. However, there have been some breakthroughs
in early conceptual designs of electron TM electron transfer, essential for photosynthetic devices,
and mimetic antimicrobial peptides. DeGrado and Lear (5) developed one of the first synthetic TM
ion channels from a bundle of four α-helical peptides. Each helix was made from a repeat of leucine
and serine to ensure one face was polar, and the other non-polar. This was later followed by advances
in heme-bound de novo TM peptides. Four TM α-helices of an alanine-coiled motif were arranged
into a bundle with two non-natural iron dipherylporphorins within the protein complex (110). The
de novo design provides a multicentered pathway for transmembrane electron transfer. This was
similar to an earlier study by Cordova et al., (111) who synthesised the GxxxG containing GpA
TM protein domain with a bis-His heme-binding site. The de novo TM dimer could catalyse the
hydrogen peroxide dependent coordination of organic substrates such as 2,2’,5,5’-tetramethyl-
benzidine. Further work, investigating the same minimalist heme-binding membrane protein (112)
as Cordova et al., discovered that phenylalanine increased the binding affinity of iron by ten fold.
De novo design of membrane associating proteins has not just been limited to electron transfer
complexes, in fact, the de novo design approach has been used to realize mimetic antimicrobial
peptides. In particular, Signarvic and DeGrado designed switch-activated α-helical amphiphilic
cell-lytic peptides based on the mastoparan lytic peptide family found in wasp venom (113). The
synthesised peptides were engineered to bind to divalent cations zinc and nickel, resulting in a stable
α-helical structure, which could then associate and disrupt the cell membrane. The apo-protein
was unlikely to form a stable α-helical conformation. Therefore, the metal ion acts as a switch by
interacting with two histidine residue or a histidine and glutamic acid residue.
The synthesis and purification of antimicrobial polymers with the intention of alternative antibacte-
rial therapeutics is difficult and expensive. Tew et al., (114) designed a series of de novo α-helical
facially amphiphilic polymers which are easy to prepare from inexpensive monomers. Further to
these designs, Tew et al., (115) sought to design small synthetic oligomers which would adopt
amphiphilic conformations and exhibit potent antimicrobial activity whilst remaining non-toxic to
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host cells.
Very few successful efforts at functionalising TM α-helices into logic-gated mechanisms have
made their way into literature. Most successful implementations of synthetic biological logic
gates have used DNA bases as building blocks (116), or photoinduced electron transfer molecular
structures (117). The nearest peptide-based logic gate, an auto-inhibited TM coiled-coil dimer
switch, becomes active upon proteolytic cleavage resulting in the complementation of split-protein
reporters on the N-terminal domain (118). This can provide for a dual protease sensor geometry
that allows for the use of ‘turn-on’ sensors and as potential as an AND logic gate. The recent
work by de Ronde et al., (119) systematically explored dimer-ligand equilibria using a statistical
mechanics model to realize sixteen possible logic gates. With the appropriate designed α-helical
primary sequences, such a device could form the basis of a very basic protein-derived biochemical
computer.
1.5 Aims and objections
The aim of this study is two fold. First, to elicit differences in free energy as a function of TM
helix self-association between the oncogenic Neu receptor tyrosine kinase and its proto-oncogenic
native form. Observing the effects of single point mutations in the context of a native sequence is a
‘top-down’ rationale. The polar and small-xxx-small motif in addition to the hypothesised means of
activation of the Neu native protein, provides the motivation for our low complexity designs.
Secondly, to elicit free energy contributions to TM helix self-association of low complexity scaffolds
before and after adding interaction motifs. One can consider these interactions as a contribution
towards the ‘rules of engagement’ behind the rationale of de novo TM protein design, with the wider
goal of designing purpose built protein systems in addition to further understanding the structure
and folding of native and disease association TM proteins alike. The energetic contributions made
by interhelical interaction motifs on in vivo low complexity heptad repeat sequences have yet
to be studied in a natural membrane. In addition, whether a particular predetermined face for
self-association of a low complexity heptad repeat sequence can be driven to switch upon the
insertion of an interaction motif has yet to be investigated. In order to achieve this aim, this study is
divided into two objectives:
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1. Computational simulations and free energy calculations are used to investigate the effects
of long range, lipid-mediated, helix-helix interactions during self-association of the Neu
receptor tyrosine kinase.
2. Free energy values of self-association of a series of low complexity TM protein scaffolds are
determined using the in vivo GALLEX assay and PMF calculations from coarse grained MD.
Helix-helix GG4 and polar interaction motifs are substituted into low complexity scaffolds
to measure the change in free energy, finishing with two sequences where a GG4 motif
competes as a primary binding site for TM domain self-association. The set of TM domain
sequences studied are presented in Figure 1.7. A flow diagram of energetic contributions
and structural properties after including interaction motifs are recorded in the discussion of
chapters 5 and 7.
Name Low complexity TM domain sequence
L17 L L L L L L L L L L L L L L L L L
AZ2 A L L A A L L A L L A A L L A L L
L17 L L L L L L L L L L L L L L L L L
L17(GG4) L L L L L L G L L L G L L L L L L
L17(GG4)G11I L L L L L L G L L L I L L L L L L
L17L9Q L L L L L L L L Q L L L L L L L L
AZ2 A L L A A L L A L L A A L L A L L
AZ2L6S A L L A A S L A L L A A L L A L L
AZ2L10S A L L A A L L A L S A A L L A L L
AZ2(GG4)L A L L A A G L A L G A A L L A L L
AZ2(GG4)LG6I A L L A A I L A L G A A L L A L L
AZ2(GG4)LG10I A L L A A G L A L I A A L L A L L
AZ2(GG4)A A L L A A L L G L L A G L L A L L
AZ2(GG4)AG8I A L L A A L L I L L A G L L A L L
AZ2(GG4)AG12I A L L A A L L G L L A I L L A L L
AZ2(GG4)AL6A A L L A A A L G L L A G L L A L L
AZ2(GG4)AL10A A L L A A L L G L A A G L L A L L
Table 1.7: TM domain sequences of low complexity scaffolds with additional motifs. Motifs on low complexity sequences
are in red.
1.6 Chapter Organisation
In chapter 2, the simulation theory is outlined. The experimental methodologies are reported
separately in chapter 3. Due to the multi disciplinary nature of this study it was logical to document
the relevant MD simulation setups in a separate section at the start of each simulation results chapter.
The results of this study are divided into four chapters. The Neu receptor tyrosine kinase TM dimer
is presented in chapter 4 as part of a ‘top-down’ investigation of lipid mediated TM oligomerisation
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using MD. The alternative ‘bottom-up’ design is presented in chapter 5 using in vivo experiments
to quantify the free energy of association of de novo TM proteins. Before complementing the
experimental results with MD simulations, in chapter 6, we take a short detour to investigate and
explain differences in computational free energy calculation presented in this study. This chapter
acts as a bridge between the variation in computational techniques between chapter 4 and chapter 7.
Finally, the results in chapter 7 complements the experimental work with MD simulations. Each
of the result chapters begin with a self-contained introduction, methodologies, results and finishes
with a discussion and conclusion. Chapter 8 brings this study to a close with a discussion on the
work presented here and of the future direction of this field.
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Chapter 2
Simulation Theory
2.1 Statistical mechanics
Many experimental techniques aim to yield thermodynamic and structural macroscopic bulk
properties of a system, time averaged over a large number of particles. For example, Isothermal
Titration Calorimetry (ITC) can return a number of thermodynamic and stoichiometric quantitative
properties from the binding of molecules (120). In addition, techniques such as Circular Dichroism
(CD) are able to approximate the average secondary structure composition due to the chiral nature
of a protein’s backbone (121). Classical computational simulations on the other hand, calculate the
instantaneous position and velocity of atoms. Unfortunately, this kind of information cannot be
compared directly to the averaged bulk properties from experimental data. It is therefore necessary
to turn to statistical mechanics, which provides a framework for relating microscopic properties of
individual atoms to macroscopic bulk properties such as work, heat, free energy, and entropy.
Statistical mechanics provides a framework to study macroscopic properties of a system of particles
of the order 1023 by applying probability theory. Although typically today’s computational simu-
lations are only of the order 106 particles. We begin with the idea of a collection of microstates
(system configurations) called an ensemble in a 6N dimensional phase space, Ω, where N is
the number of atoms in the system. Although there are a number of ensembles which define
a phase space, we are only interested in the canonical ensemble (N, V, T): constant number of
atoms, system volume and temperature, and the isothermal-isobaric ensemble (N, P, T): constant
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number of atoms, pressure and temperature. Each microstate is uniquely identifiable by the set
6N = (rx,1, ry,1, rz,1, ..., rx,N , ry,N , rz,N , px,1, py,1, pz,1..., px,N , py,N , pz,N), where r is position and p is
momentum. The ensemble is distributed across phase space according to a probability density
distribution ρensemble(Ω). A microstate shares some identical macroscopic properties, depending
on the thermodynamic ensemble, for example total energy. As an example, this could be thought
of as an identical arrangement of gas particles on either side of a box. Their configuration is
different yet their energy is the same. The probability of finding a system in a particular microstate
is proportional to the Boltzmann factor:
e−H(r,p)β, (2.1)
where H is the Hamiltonian, which represents the total energy as a function of all the positions and
momenta of the system. The Boltzmann factor, equation 2.1, is a distribution measure based on the
total energy of a system. β is given by:
β ≡ 1
kBT
, (2.2)
where kB is the Boltzmann constant and T is the temperature. The sum of all microstates (also
known as the sum over states) is defined by the partition function Z:
Z =
n∑
i=1
e−βHi(p,r). (2.3)
where n is the total number of microstates. In real systems, the set of microstates becomes
uncountable as the position and momentum variables of a particle vary continuously. Therefore,
it becomes inaccurate to represent the partition function as a set of discrete terms. The sum is
replaced by integrating over position and momentum:
Z = (h3N N!)−1
"
dpdre−H(p,r)β, (2.4)
where N is the number of particles, h is Plank’s constant, and the term (h3N N!)−1 is used to prevent
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over-counting the number of microstates in a system of identical particles. The partition function
is the connection between macroscopic thermodynamic properties and microstates. Normalising
the microstates of a given Hamiltonian H(p, r) by the partition functions yields the Boltzmann
probability distribution:
ρ(p, r) =
e−H(p,r)β
Z
. (2.5)
The Boltzmann distribution is a probability measure of finding the system in one of any number of
microstates. How does a system whose phase space spans the momentum and position of a vast
number of particles yield information on the average of some property, A? Unfortunately, even for
small systems, computing the partition function Z is impractical. It is understood that the average
of A across the ensemble, known as the ensemble average, 〈A〉ensemble, is proportional to the volume
of phase space that a microstate of that particular system configuration will take up:
〈A〉ensemble =
"
dpdrA(r, r)
1
Z
e−H(p,r)/kBT , (2.6)
or using equation 2.5, it can be rewritten as:
〈A〉ensemble =
"
A(pq)ρ(p, r)dpdr. (2.7)
Assuming that the system is ergodic, where every microstate is accessible during the evolution of a
system in time (see section 2.1.1), the ensemble average in equation 2.7 becomes a time average at
the limit:
〈A〉time = lim
τ→∞
1
τ
∫ τ
t=0
A(p, r)dt ≈ 1
M
M∑
t=1
A(p, r), (2.8)
over M number of traversed points in phase space. The larger the value of M, the closer the time
average quantity approximates the ensemble average property.
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2.1.1 Ergodicity
As seen in equation 2.8, a system is said to be ergodic if the averaged behaviour over all microstates
can be approximated by the averaged behaviour over time:
〈A〉ensemble = 〈A〉time. (2.9)
The time spent by a system in some region of phase space is proportional to the volume of this
region. Given current computational capabilities, the equality of time- and ensemble-averaged
properties (equation 2.9) can only be validated for the simplest of systems. Rare events, such as the
transition states between a reactant and a product occupy a very small portion of phase space.
Phase space can be seen as a carved up 6N dimensional landscape of energy barriers, energy minima,
attractors, and valleys. The rate of crossing an energy barrier is proportional to the probability
of finding the system at the top of the barrier. Fluctuations leading to exploration of an energy
barrier are rare, yet the time required crossing the energy barrier is very short. Figure 2.1 is an
illustration of an energy minima as a function of the distance between two TM α-helices. The area
beneath the energy minimum (A) is significantly smaller than the area occupied by the helices
acting as monomers (C), which would suggest that until the system experiences a descent (B), the
configuration has a high likelihood of occupying anyone of the many microstates found in (C).
2.2 Interaction potentials
The time-evolution of a system of N particles is directed according to the forces experienced between
particles. The forces between particles are calculated from a parameter set of non-bonded and
bonded interaction potentials. Parameters will have been determined according to the philosophy
of the force field, for example, based on ab initio calculations or experimental observations. The
bonded and non-bonded interaction potentials plus the associated parameters, constitute what is
known as a force field. The force fields used throughout this study are the Gromos53a6 (122) united
atom and the MARTINI coarse grained (123). Coarse graining is summarised in section 2.3. The
summation of bonded and non-bonded interactions for a single particle yields the total energy, of
which the negative differential with respect to particle position returns the force on that particle. The
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Figure 2.1: Rare events such as the oligomerisation of proteins (A through to C), traverse a potential energy pathway
through the potential energy phase space (C and B). Under favourable conditions, the system descends into a free energy
minimum upon TM protein dimerisation (A). The steep sides to the energy well prevent the system from escaping. The
ergodic hypothesis states that the time spent in a region of phase space (Ω) is proportional to the volume occupied by
microstates of the same energy
non-bonded interactions (see section 2.2.1 and 2.2.2) are a combination of three terms; repulsion,
dispersion, and electrostatic or Coulomb. The repulsion and dispersion terms are combined to
yield a Lennard-Jones (LJ) (124) or Buckingham (125) potential to name two. The electrostatic
interactions between charged particles can be calculated using coulombs law; in practice this is
achieved using an Ewald summation method (126) or a simple electrostatic interaction cut-off.
Non-bonded interaction potentials are pair-additive between pairwise atoms i and j for a system of
N atoms:
U(r1, . . . , rN) =
∑
i< j
Ui j(ri j), (2.10)
where Ui j is the non-bonded potential between two atoms as defined by their distance ri j, and
according to Newton’s third law, forces between pairwise atoms are symmetric:
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Fi = −
∑ dU(ri j)
dri j
ri j
ri j
= −F j, (2.11)
where Fi is the force on particle i, and F j is the force on particle j.
2.2.1 Van der Waals interactions
Van der Waals interactions were modelled in this study using an LJ- potential. The general form of
the LJ-potential is:
ULJ(ri j) = 4
[(
σ
ri j
)12
−
(
σ
ri j
)6]
, (2.12)
where  and σ describe the depth of the potential well, and the distance between pairwise particles
(ri j) where the potential energy U(ri j) is zero (see Figure 2.2). At the minimum of the energy
well, denoted rm, the potential energy equals −. When derived, the LJ-potential term yields the
contributing force with respect to the distance between particle i and j:
dULJ(ri j)
dri j
= Fi(ri j) =
(
12
C12i j
r13i j
− 6
C6i j
r7i j
)
. (2.13)
rij!
U(rij)!
rm!
σ!
-ε!
0!
i! j!rij!
Figure 2.2: A representation of a LJ-potential between two atoms i and j, where  and σ have been set to one.
The LJ-potential between particles runs asymptotically with interparticle distance. The LJ-potential
can be modified using a truncated-shift cut-off, or a simple cut-off. The truncated-shift cut-off brings
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the potential energy between particles to zero at a specified distance between atoms. Although,
this technique helps conserve short-term total energy it can introduce artificially large forces.
Alternatively, the LJ-potential can be truncated at a given distance without being shifted to zero.
By doing so, the force calculations derived from the LJ-potential are improved at the expense of
introducing a possible energy drift.
2.2.2 Electrostatic interactions
Long- and short-range electrostatic interactions can be modelled using the Particle Mesh Ewald
(PME) summation (127, 128). Derived from the Ewald summation method (126), PME breaks the
summed electrostatic interactions into a real space particle-particle short-range calculations and a
Fourier space long-range calculation. The Fourier transformation of particle-particle interactions
ensures efficient convergence of the algorithm across an infinite number of translated unit cells
(see section 2.2.3.4 for unit cells and periodic boundary conditions). Unfortunately, the Ewald sum
scales to O(N2). Yet, by distributing the charged points across a cardinal B-spline lattice, the PME
algorithm is improved in efficiency by an order of O(NlogN).
2.2.3 Covalent bonds
Covalent bonds contribute to the total energy of the system through the functional form:
Ubonded,i = Ub(ri j) + Ua(θi jk) + Uid(ξi jkl) + Ud(θi jkl), (2.14)
where Ub(ri j) is the potential energy function for bond stretching between two atoms, Ua(θi jk) is
the potential energy function of the angle bending between three atoms, Uid(ξi jkl) is the potential
energy function of keeping the correct chirality, and planar structure of carbon rings through the use
of an improper dihedral, and Vd(θi jkl) is the torsional energy associated with bond rotation. Each
term is described in turn below.
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2.2.3.1 Harmonic bond stretching
Bonds between two particles can be maintained using a harmonic bond potential of the form:
Ub(ri j) =
1
2
kbi j(ri j − bi j)2, (2.15)
where ki j is a spring constant between particles i and j, and (ri j − bi j)2 is the squared distance from
some ideal position bi j. The force is given by the form:
Fi(ri j) = kbi j(ri j − bi j)ri j (2.16)
The harmonic bond stretching potential, although of interest to this study, is only one of many
other bond stretching potentials. For example, the fourth power potential (122), which is typically
computationally more efficient, is not of a harmonic form and thus the average energy of a single
bond is not equal to 12 kT . Fourth power potentials are typically implemented for the GROMOS-87
forcefield (129). The Morse potential bond stretching (130) is typically used when an anharmonic
bond stretching potential is necessary. Finally, a cubic bond stretching potential (131) is another
anharmonic bond stretching potential, which is a simpler implementation than the Morse potential.
2.2.3.2 Harmonic angle potential
Much like the harmonic bond stretching potential, the harmonic angle potential between three
bonded atoms, i, j, and k, uses a harmonic constant kθi jk as a spring constant with an angular
deviation θi jk about some idealised angle θ0i jk. The function takes the form:
Ua(θi jk) =
1
2
kθi jk(θi jk − θ0i jk)2. (2.17)
The force on each particle from the angle θi jk can be derived from the change in potential energy
with respect to the particle’s position:
Fi = −dUa(θi jk)dri , (2.18)
40
Fk = −dUa(θi jk)drk , (2.19)
F j = −Fi − Fk. (2.20)
The cosine based angle potential is a simplified harmonic potential and is typically implemented
for the GROMOS-96 force field. A harmonic correction term between the i and k particle as used
for the CHARMM force field can be implemented using the Urey-Bradley potential (132). The
bond-bond cross term and bond-angle cross term (133) are examples of non-harmonic angular
potentials.
2.2.3.3 Harmonic improper dihedral potential
Improper dihedral angles are meant to ensure that planar groups, such as carbon rings on the
side-chains of aromatic amino acids, remain planar and that ring structures do not flip. They are
typically implemented using either a harmonic potential or a periodic potential. The harmonic
potential takes the form:
Uid(ξi jkl) =
1
2
kξ(ξi jkl − ξ0)2. (2.21)
where ξi jkl is the dihedral angle between atoms i, j, k and l, and ξ0 is the ideal angle as defined in
the force field.
2.2.3.4 Proper dihedral
A proper dihedral potential represents the torsion angle potential about four particles i, j, k, and l,
resulting in the angle between the plane of particles i, j, and k with the plane of particles j, k, and
l. An angle of zero corresponds to the cis configuration. The two most common implementations
of a proper dihedral potential are either the periodic or Ryckaert-Bellemans (134) function. Each
requires special consideration. The periodic angular potential requires a special 1-4 LJ-interaction
between the first and fourth atom in a chain, whereas the Ryckaert-Bellemans function requires
the exclusion of 1-4 non-bonded interactions for alkanes. In this study, a periodic function was
implemented to model the dihedral angles of the lipid head group region, and Ryckaert-Bellemans
function was implemented to model the dihedral angles of the lipid chains. The period function
takes the form:
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Ud(θi jkl) = kθ(1 + cos(nθ − θs)), (2.22)
where kθ is the force constant on the angle between the two planes, θs is the idealised dihedral angle
defined in the force field, θ is the measured angle, and n is a multiplicity constant defined in the
force field. The Ryckaert-Bellemans function takes the form:
Urb(θi jkl) =
5∑
n=0
Cn(cos(ψ))n, (2.23)
Where ψ = θ − 180◦. C is a constant, defined according to the philosophy of the force field. An
alternative to a periodic or Ryckaert-Bellemans function, is a Fourier function (135).
2.3 Coarse grained force field
A coarse grained force field enables MD simulations to investigate system sizes inaccessible to
all-atom or united-atom simulations. Essentially all forms of CG approaches group several atoms
into new CG sites. This can be as few as several atoms, a whole or part of a side chain, or several
amino acids. The CG quasi-particles interact through an effective potential (123), which will have
been approximated using either an experimental/thermodynamic approach or by building on an
existing atomic system. The reduction in the number of degrees of freedom and the combination of
these effective potentials ensures a reduction in computational time by as much as three orders of
magnitude compared with most atomistic simulations. As a result, CG computational approaches
are seen as a bridge between atomistic and mesoscopic scales. For example, lipid flip-flopping (136),
actin filament networks (137) and other large and complex biological phenomena which are typically
outside of the scope of atomistic simulations.
There is a long history of CG molecular systems. As far back as 1975, the first CG protein simulation
by Levitt and Warshel (138) sought to improve on computationally efficiency in biosimulations
by only retaining the essential dynamics of protein folding. This was followed a few years later
by the very influential CG Go¯ model (139), which yields a very smooth energy landscape, or
rather a funnel pointing towards the native biomolecular structure. This is due to a Go¯ model only
considering native contacts as being energetically favourable.
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Typically, empirically based approaches may not be considered fully rigorous, however the approach
can be improved by incorporating a statistical mechanics framework to add the benefits of a physics-
based CG model. For example, CG approaches by Scheraga et al., (140) and Klein et al., (141)
incorporate a blend of empirical CG modelling and physics-based modelling. The MARTINI force
field, as used in the CG simulations of this study, is parameterised based on the reproduction of
partitioning free energies, rather than reproducing structural details of particular systems. Although,
this suggests that the model is empirical in nature, the parameterisation scheme of MARTINI has
become valuable for membrane systems.
2.4 Potential energy minimisation
The previous section gave an account of the intermolecular functions, which are combined to form
part of a force field. In this section we describe the concept of a potential energy minimisation
algorithm. As a result of solvating a protein or bilayer, steric clashes between atoms or beads can
be introduced during the initial creation of a system. The proximity between these problematic
particles result in high intermolecular forces which can cause a system to ‘explode’. To help
prevent steric clashes, the potential energy between particles can be minimised through the use
of one or more potential energy minimisation algorithms. The algorithms do not use the classical
equations of motions to reach a minimum; rather, the algorithm gently perturbs the configuration
for a predefined number of steps or until the maximum force in the system drops below a given
threshold. Three of the most common potential energy minimisation algorithms are; steepest
descent (142), conjugate gradients (143), and limited-memory Broyden-Fletcher-Goldfarb-Shanno
(LBFGS) quasi-Newtonian minimiser (144, 145). Only the steepest descent approach is reviewed
here due to its use during this study.
2.4.1 Steepest descent
The steepest descent algorithm is a first order optimisation algorithm. Adjustments to a system
of 3N coordinates follow steps proportional to the negative of the potential energy gradient. The
algorithm begins with an initial maximum displacement h0, for example, 0.01 nm. Forces and
potential energy, U, are calculated at each step n.
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rn+1 = rn +
Fn
max(|Fn|)hn. (2.24)
The notation max(|Fn|) refers to the largest of the absolute values of the force components. If
(Un+1 < Un) the new positions are accepted and an adjustment is made to the displacement variable,
for example, hn+1 = 1.2hn. Otherwise, the new positions are rejected and a smaller adjustment
is made to the displacement variable, for example, hn = 0.2hn.The steepest descent is limited by
the asymptotic rate of convergence. Progression to the minima rapidly slows down, zig-zagging
indefinitely.
2.5 Molecular Dynamics
Classical MD is viewed as the reduction from a fully quantum description to a classical potential.
This is achieved through two approximations. The first, the Born-Oppenheimer approximation
states that electrons react instantaneously to the motion of their nuclei; therefore they can be treated
separately. The second approximation states that the nuclei are considered as point particles that
follow classical dynamics. MD simulations allow the study of biological and chemical systems at
the atomistic level on timescales from femto- to milli-second time scales. The simulation explores
different structural conformations by making adjustments to the coordinates of each atom. These
adjustments are the product of a time integration algorithm, which uses the summed derivation of
the force field potential energy to compute the force on each particle. Unlike MC simulations, MD
simulations are very similar to a real experiment. A system is prepared, left to equilibrate, and then
allowed to propagate in time whilst taking a measurement. The basic MD algorithm is summerised
in Table 2.1.
2.5.1 Equation of motion
In this section, we summarise the Newtonian equations of motion for a system of N particles
interacting via a potential U. During a MD simulation new positions and velocities are calculating
using Newton’s second law:
Fi = miai = −dUidri . (2.25)
44
1) Construct initial system coordinates. Assign random velocities
from a Boltzmann distribution according to a given temperature.
2) Calculate the force on all atom through the sum of non-bonded
atom pairs: Fi =
∑
j Fi j, plus all forces due to bonded interactions,
restraints and external forces.
3) Compute the new position of all atoms after a small time step
using Newton’s equations of motion.
4) Output positions, velocities, temperature, volume, pressure, and
other macroscopic properties. Go to 2).
Table 2.1: The basic Molecular Dynamics algorithm. After the initial coordinates are set up, steps 2 to 4 loop until a
given stop condition is satisfied.
Equation 2.25 states that the force F is exerted on atom i is equal to the product of the acceleration,
a, and the mass, m, of that atom. Alternatively, the force can be expressed as the negative gradient
(∇) of the potential energy:
Fi = −∇Ui, (2.26)
for i = 1, 2, ...N, and where the potential Ui is the summed contributions from non-bonded and
bonded interactions, as seen in equations 2.10, 2.14. Combining equations 2.25, 2.26 yields:
−dU
dri
= mi
d2ri
dt2
, (2.27)
which relates the change in position of the atom with the derivative of the potential energy. The
displacement of an atom position r(t) by a time step ∆t requires knowledge of the velocity:
v =
∫ t+∆t
t
dr2
d2t
=
∫ t+∆t
t
1
m
dU
dr
dr. (2.28)
As the force on an atom depends on the position of all other atoms in the system, it because clear
that even for small systems there is no analytical solution to equation 2.28. Rather, a solution must
be found numerically by utilising one of a number of time integration algorithms.
45
2.5.1.1 Time integration algorithms
Time integration algorithms are methods for numerically integrating Newton’s second law of motion.
It is important that algorithms preserve energy (symplectic), are time reversible, computationally
efficient, and preserve the fastest vibrational frequency in the system by using an adequate time step.
It is also important that integrating the equations of motion yields a true trajectory. Theoretically
this is possible, however, due to the finite size of floating point arithmetic on classical computing
devices there will always be some order of error. As such, the trajectory through phase space
approximates the true trajectory (one which does not suffer from floating point arithmetic error)
at best. It is not the aim of MD to predict system configurations, but rather to obtain the average
behaviour. This is only possible providing sufficient effort has been invested in setting up the initial
configuration. An additional feature important to time integration algorithms is that they preserve
phase space volume. Typically, algorithms that do not preserve phase space end up increasing the
phase space volume. As a consequence, a simulation could get trapped in a region of phase space
as the neighbouring set of states continue to expand out as new states are introduced.
There are several algorithms equivalent to the Verlet approach. Of interest to this study due to the
MD code implementation, is a second order method, both symplectic in nature and time-reversible,
known as the leap-frog algorithm (146). To define the leap frog algorithm, velocities are calculated
at half-integer time steps:
v(t − ∆t
2
) =
r(t) − r(t − ∆t)
∆t
, (2.29)
where r(t − ∆t) is defined as
r(t − ∆t) = r(t) − v(t)∆t + F(t)
2m
∆t2 − ...r + O(∆t4) (2.30)
and
v(t +
∆t
2
) =
r(t + ∆t) − r(t)
∆t
, (2.31)
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where r(t + ∆t) is defined as:
r(t + ∆t) = r(t) + v(t)∆t +
F(t)
2m
∆t2 +
...r + O(∆t4). (2.32)
From equation 2.31 we obtain an expression for the new position based on the old position and the
velocities:
r(t + ∆t) = r(t) + ∆tv
(
t + ∆t
2
)
. (2.33)
The update of the velocities occur at half-integer time steps:
v(t +
∆t
2
) = v(t − t∆
2
) + ∆t
F(t)
m
. (2.34)
Although the leap frog algorithm yields a trajectory identical to the Verlet scheme, the velocities
are not defined at the same time as position, and therefore kinetic energy and potential energy are
not calculated at the same time making it impossible to obtain the total energy of the system at the
current time step.
2.5.2 Constant temperature - canonical ensemble
The microcanonical ensemble (N, V E); a fixed number of particles, constant system volume and
constant volume, is far removed from simulating the behaviour of an experimental environment,
where the temperature is typically controlled by the inclusion of a cellular environment, or the
controlled temperature of a laboratory. Given that kinetic energy is the extensive counterpart to
temperature, one could fix the total kinetic energy to approximate a specific temperature. However,
this would not capture the true kinetic ensemble of the system. It would be experimentally
more relevant to switch from the microcanonical ensemble to a canonical ensemble (N, V, T) by
approximating an average temperature through the use of a thermostat. The temperature is allowed
to fluctuate around an average by adding and removing energy to and from the system. A thermostat
can also help avoid energy drifts caused by the accumulation of numerical errors during time
integration.
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There are several thermostats available including: velocity scaling (147); the Andersen thermostat
(148); the Berendsen thermostat (149); the Nosé-Hoover thermostat (150); the Langevin (stochastic)
thermostat (151); and the colored-noise Langevin thermostat (152). Below, we review the two
thermostats used this study.
2.5.2.1 Berendsen thermostat
By coupling a thermal bath to the system, the velocities are gradually scaled proportional to the
differences between the system temperature and the temperature of the thermal bath. Known as the
Berendsen thermostat, it takes the form:
dT (t)
dt
=
1
τ
(T0 − T (t)), (2.35)
where τ is the strength of the coupling between the heat bath and the system, T0 is the desired
temperature and T (t) is the temperature at time t. At the limit τ→ ∞, the system approximates a
microcanonical ensemble. This limit is never reached, and therefore the system never approximates
a microcanonical ensemble. Yet, the Berendsen thermostat has the advantage of exponentially
decaying towards an equilibrium without wildly oscillating, which makes it an ideal thermostat
during early equilibration steps.
2.5.2.2 Nosé-Hoover thermostat
The Nosé-Hoover thermostat is implemented by extending the Langevin dynamics of the system by
introducing an extra degree into the Hamiltonian of the system to take the form:
H(p, r, ps, s) =
∑
i
p2i
2ms2
+
1
2
∑
i, j,i, j
U(ri − r j) + p
2
s
2G
+ gkbTln(s), (2.36)
where G is a constant which controls the coupling strength, ps is the momentum of the extra degree
of freedom, s, and g is the total number of degrees of freedom. The first two terms represent the
kinetic energy and the potential energy. The third and forth terms are the kinetic and potential energy
of the thermostat, respectively. Unlike the Berendsen thermostat, the Nosé-Hoover thermostat was
shown to approximate a canonical ensemble, although the thermostat can fluctuate wildly for a
system that is not in equilibrium (150). In addition, by replacing a coupled bath (that is to say,
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the Berendsen thermostat) with an extra degree of freedom, the Nosé-Hoover thermostat has the
advantage of being computationally inexpensive.
2.5.3 Constant pressure
The isothermal-isobaric (N, P, T) ensemble is a constant pressure extension to the canonical
ensemble. Typically, this is achieved in one of two ways; a weak coupling to a pressure bath similar
to the Berendsen thermostat, or an extension to the Hamiltonian by including an extra degree of
freedom similar to the Nosè-Hoover thermostat.
2.5.3.1 Berendsen barostat
A Berendsen barostat (149) controls the pressure of a system by weakly coupling the system to an
external pressure bath using the principal of least local perturbation. Coordinates and box vectors
are scaled proportional to the compressibility of the system through exponential relaxation. The
change in pressure over time is proportional to a diminishing approximation of the pressure P to a
reference pressure P0:
dP
dt
=
P0 − P
τP
(2.37)
The Berendsen barostat yields a simulation with the correct average pressure, however as the limit
τp → ∞ is never reached, the algorithm fails to ever yield an exact (N, P, T) ensemble (153) .
2.5.3.2 Parrinello-Rahman barostat
The Parrinello-Rahman barostat (153) uses an extended ensemble algorithm to allow the volume
and shape of the cell to fluctuate. The hamiltonian is extended by including a thermal reservoir
term s and a friction parameter ξ. The hamiltonian takes on the form:
H = K + V + Ks + Vs, (2.38)
where K and V are the kinetic and potential energy terms, respectively, and the equation of motion
becomes:
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d2ri
dt2
=
mi
Fi
− ξdr
dt
. (2.39)
The acceleration of an atom i is reduced by some factor ξ drdt .
The Parinelo-Rahman barostat is similar in implementation by the addition of an extra degree of
freedom to the Nosè-Hoover thermostat and as such if the system is far from equilibrium there
is a tendency for the box the oscillate wildly. However, this algorithm does theoretically yield a
simulation with an exact (N, P, T) ensemble.
2.5.4 Constraints
Ideally, the size of the time step used to evolve the Newtonian system should be small enough
to capture all intramolecular atomic interactions, including the higher frequency intramolecular
bond vibrations. Yet if this were the case, even the simplest of computer simulations would be
excessively time-consuming. To resolve high-frequency vibrational motions, rather than reducing
the time step bonded particles can be constrained, for example, by implementing the traditional
SHAKE algorithm (154) or with the newer LInear Constraint Solver (LINCS) algorithm (155).
Both algorithms make a correction to the set of new atomistic positions for all atoms connected by
constrained bonds. During this study, all bonds were constrained using the Gromacs implementation
of LINCS.
2.5.5 Periodic boundary conditions
Periodic boundary conditions yield a bulk phase by mimicking an infinite lattice of N identical
particle unit cells. That is to say, a particle moving out of the unit cell is brought back through
the opposite unit cell surface as if it were traveling through infinite space. The implementation of
periodic boundaries results in what is known as a minimum image convention between pairwise
particles. The nearest image of each particle is considered for short-range non-bonded interactions.
This convention is not accurate enough for long range electrostatic interactions, and therefore the
Ewald Sum lattice sum method is incorporated. A unit cell can take on the shape most suitable for
the system under study. For example, the rhombic dodecahedron and the truncated octahedron (146)
are closer to a sphere than a cube, and are therefore better suited for spherical macromolecules in
50
solution, since fewer solvent molecules are required to fill the primitive cell. A cubic unit cell suits
the planar structure of a small region of cell membrane.
2.6 Free energy methods
The transition between two states governed by a difference in free energy provides insight into
many molecular mechanisms, such as the folding of a protein, the diffusion of a molecule through a
bilayer and the C-terminal activation of a cellular signalling cascade. Unfortunately, the calculation
of thermodynamic properties, such as Gibbs free energy, are not directly accessible from MD
simulations. However, there are at present a number of MD extensions that will yield thermodynamic
properties. A themed issue of the Journal of Computational Chemistry in 2009 (156) provides
an extensive review of some of the latest advancements in computational free energy techniques,
theory and implementation, which are not surmised here.
Calculating the free energy and entropy between two states requires the complete consideration
of all accessible microstates, their energy, and subsequently determining the partition function as
defined in 2.4. For even some of the simplest of systems this is extremely impractical requiring
hundreds if not thousands of computational hours. For full proteins and model membrane systems
it is all but impossible with our current computational capabilities. Therefore, a number of free
energy techniques have been developed and deployed with success.
Broadly speaking, free energy methods can be divided into two groups: equilibrium and non-
equilibrium. Non-equilibrium methods rely on Jarzynski’s equality (157) and have the potential to
provide rapid free energy estimates but at the cost of introducing bias. This study only concerns
itself with equilibrium techniques, where the approach relies on sufficient sampling to capture the
system at a quasi-thermodynamic equilibrium.
To sample regions of high energy, the system can be restrained at a number of positions along a
predefined path by applying a biasing potential. This is known as umbrella sampling (158). After
sufficient sampling of overlapping regions of the predefined path, the biased distribution of samples
can be unbiased using the Weighted Histogram Analysis Method (WHAM) (159). Differences in
free energy can be calculated between states from the resultant potential of mean force profile.
There are equilibrium based free energy methods that give more freedom to explore the phase space
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without predefining a set of configurations along a predefined pathway. These include adaptive
biasing force (160) and metadynamics (161). Both techniques apply biasing potentials during the
time evolution of the system along a number of predefined pathways e.g., angles, distances. This
encourages the simulation to explore regions of phase space symptomatic of high energy barriers.
Hénin et al., used adaptive biasing force calculations on the association of an all atom model of
Glycophorin A in a palmitoyl-oleylphosphatidylcholine bilayer to yield the free energy contribution
from a GxxxG motif (162). Their study was the first to report free energy calculations of the free
energy profile associated with the reversible dissociation of a membrane protein. The free energy
calculations presented in this thesis follow the same reversible dissociation reaction coordinate.
Interestingly, they suggest the concept of retaining the main functionality of a dimer after a large
fraction of the protein has been reduced to some low complexity scaffold. In essence, a large portion
of the work presented in this thesis follows this concept.
2.6.1 Reaction coordinate
The free energy change between two meta-stable states, can be monitored as a function of a set of
coordinates along a predefined path, better known as a reaction coordinate:
ξ(r) ≡ ξ(r1, r2, . . . , r3N). (2.40)
This restricts the system to a region through phase space, making the free energy (Gibbs or
Helmholtz) the partition function Zξ, and the reaction coordinate probability Pξ, the relevant
properties of the system to be determined. To begin with, the probability P of finding a system in a
configuration defined by (p, r), at some point ξi along a reaction coordinate ξ is a simple extension
to the Boltzmann probability distribution (equation 2.5):
Pξ(p, r; ξ′) = ρ(p, r)δ(ξ′ − ξ(r)). (2.41)
The partition function as defined in equation 2.4 is extended by included a Dirac delta function, δ,
to ensure that only the distributions over the reaction coordinate are calculated:
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Zξ(ξi) = (h3N N!)−1
"
dpdrδ(ξi − ξ(r))e−H(p,r)/β. (2.42)
By normalising the partition function (equation 2.42) by the unbiased partition function, we are
able to calculate the probability of the system being in the state as defined by its position along the
reaction coordinate:
〈Pξ(ξi)〉 = Zξ(ξi)Z . (2.43)
2.6.2 Umbrella sampling
In chapters 4, 6 and 7, I present free energy profiles of helix-helix association. Interhelical distance
is restrained at a specific position along the reaction coordinate using a biasing potential, enabling
sufficient sampling of that region of phase space. These biased simulations are typically generated
with an extension to the potential energy in the form [U(r) + w(ξ)]. The simulations in this study
have been restrained using the harmonic form wi(ξ) = 12 K(ξi − ξ)2, centred on successive values
of ξ. After sufficient sampling, the sampling distribution approximates a gaussian distribution
around some point ξ, hence the term ‘Umbrella Sampling.’ Biased distribution are obtained from
the Boltzmann weighted average defined in equation 2.43:
〈Pξ(ξi)〉 = 〈P(ξ)〉e
−wξi/β
〈e−wξi/β〉 . (2.44)
The results of each window are unbiased and recombined to yield the final estimate of G(ξ). By
reformulating equation 2.43 and using equation 2.44, the unbiased free energy at ξi becomes:
Gi(ξ) = G(∞) − kT ln
[ 〈Pi(ξ)〉
Z
]
− wi(ξ) + Fi. (2.45)
The unknown free energy constants Fi are obtained by adjusting each Gi(ξ) until adjacent umbrella
windows match. There are a number of algorithms readily available, one of which is covered in
section 2.6.3.
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2.6.3 Weighted Histogram Analysis Method
There are a handful of algorithms that aim to solve the PMF from a collection of umbrella distribu-
tions, for example, the least square estimation (163) approach and a novel combination of umbrella
sampling and thermodynamic integration (164). Typically, older methods such as the least square
estimation requires significant overlap between windows to overcome statistical error (163). The
WHAM method (159), which is based on a generalised histogram method (165), uses the concept
of maximum overlap of umbrella windows (166). It has the advantage of using all data points to
reconstruct the unbiased distribution, however WHAM can be prone to give a poor estimate of the
true PMF if the data points contributed to each histogram are not independent i.e., there should be
no auto-correlation in time.
The WHAM works by constructing an estimate of the unbiased distribution function as a weighted
sum over the number of data points, n, (equation 2.46) and constructs a functional of the weighted
sum which minimises the statistical error. This begins with an initial estimate of equation 2.47 by
setting Fi to an arbitrary value. The calculation is feed into equation 2.46, which is self-consistently
refined by using the result to adjust equation 2.47, which in turn is passed back to equation 2.46.
This continues until a statistical threshold is satisfied.
P(ξ) =
∑Nw
i=1 niP
(b)
i (ξ)∑Nw
j=1 n je
−β(w j(ξ)−F j)
, (2.46)
e−βFi =
∫
e−βwi(ξ)P(ξ)dξ, (2.47)
where i = 1, 2, ...,Nw are the number of umbrella windows, j = 1, 2, ...,M are the number of
histogram bins, and P(b)i is the biased probability (equation 2.44) of finding the system at ξ = ξ j
in window i. In equation 2.49, k is the simulation window. When discretised, the above equations
yields:
P(ξ j) =
∑Nw
i=1 niP
(b)
i (ξ j)∑Nw
i=1
ni
µi
e−βwk(ξi)
(2.48)
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µk =
M∑
i=1
P(ξi)e−βwk(ξi) (2.49)
The statistical threshold is satisfied using the following:
Nw∑
j=1
(
1 −
µnewj
µoldj
)2
< , (2.50)
where the tolerance, , is typically set to some low value, say 10−7. The unbiased potential of mean
force (PMF) can then be obtained using:
G(ξ j) = −1
β
ln(P(ξ j)) + G0 (2.51)
where G0 is an arbitrary constant, typically used to normalise the PMF profile to some given free
energy value.
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Chapter 3
Experimental Methodologies
3.1 Suppliers of reagents and chemicals
Reagents used in this study were supplied by Fisher Scientific (UK), Sigman Aldritch (UK), Biorad,
and Invitrogen (UK), unless otherwise stated.
3.2 Bacterial strains
The E. coli strain DH5α was used for cloning and long-term plasmid storage. The MBP deficient
E. coli strain NT326 was used for TM protein insertion checks. All β-galactosidase assays and
protein expressions checks were performed using the E. coli strain SU101. The cell lines are listed
in Table 3.1.
Strain Genotype Reference
DH5α supE44, ∆lacU169(φ80lacZ∆M15), hsdR17, recA1, endA1,
gryA96, thi-1, relA1
Sambrook and Rus-
sell (167)
NT326 F-(argF-lac)U169, rpsL150, relA1, rbsR, flbB5301, ptsF25, thi-1,
deoC1, ∆malE444, recA, srlA+. Strep25 resistance.
Treptow and Shu-
man (168)
SU101 lexA71::Tn5(Def)sulA211 ∆(lacIPOZYA)169/FÕlacIq
lacZÆM15::Tn9 CAM20, Km30 resistance.
Dmitrova et al.,
(169)
Table 3.1: Bacterial E. coli strains used in this study.
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3.3 Plasmids
The plasmids used throughout this study are listed in Table 3.2. The destination vector pBLM100
was used to genetically ligate a TM domain between LexA and MBP. The plasmids pBLM-GpA
and pBLM-G83I were used as positive and negative controls for all experimental work.
Plasmid Details Reference
pBLM100 Carries ampicillin antibiotic resistance.
Schneider and
Engelman (26)
pBLM-GpA pBLM with glycophorin A transmembrane domain. Carries ampi-
cillin antibiotic resistance.
pBLM-G83I pBLM-GpA with a G83I substitution. Carries ampicillin antibiotic
resistance.
Table 3.2: List of previously generated plasmids vectors used in this study.
3.4 Primers
Both controls, GpA and G83I, along with all polyleucine low complexity primer sequences (Table
3.3) were supplied by Invitrogen (UK). All alanine zippers sequences (Table 3.4,3.5) were supplied
by Sigma Aldritch (UK). Nucleotides identical to the destination vector’s DNA is in bold. The
translated sequences from the TM domain’s nucleotides are in italic.
Primer Sequence 5’ to 3’
L17 CG CTG CTG CTT CTG TTA CTG CTT CTG CTC CTG CTG CTT CTC
CTG TTA CTG CTG A
L L L L L L L L L L L L L L L L L
L17(GG4) CG CTG CTG CTT CTG TTA CTG GGT CTG CTC CTG GGC CTT CTC
CTG TTA CTG CTG A
L L L L L L G L L L G L L L L L L
L17(GG4)G11I CG CTG CTG CTT CTG TTA CTG GGT CTG CTC CTG ATT CTT CTC
CTG TTA CTG CTG A
L L L L L L G L L L I L L L L L L
L17L9Q CG CTG CTG CTT CTG TTA CTG CTT CTG CAG CTG CTG CTT CTC
CTG TTA CTG CTG A
L L L L L L L L Q L L L L L L L L
Table 3.3: DNA primers used for the preparation of E. coli polyleucine low complexity TM domains.
3.5 Growth and maintenance of E. coli
The following sections explain the preparation and cultivation of competent E. coli cells and the
transformation of plasmid DNA.
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Primer Sequence 5’ to 3’
AZ2 CG GCA CTG CTG GCA GCC CTG TTA GCA CTG CTT GCA GCC TTA
CTG GCA CTG CTG A
A L L A A L L A L L A A L L A L L
AZ2(GG4)L CG GCA CTG CTG GCA GCC GGT TTA GCA CTG GGC GCA GCC TTA
CTG GCA CTG CTG A
A L L A A G L A L G A A L L A L L
AZ2(GG4)LG6I CG GCA CTG CTG GCA GCC ATT TTA GCA CTG GGC GCA GCC TTA
CTG GCA CTG CTG A
A L L A A I L A L G A A L L A L L
AZ2(GG4)LG10I CG GCA CTG CTG GCA GCC GGT TTA GCA CTG ATT GCA GCC TTA
CTG GCA CTG CTG A
A L L A A G L A L I A A L L A L L
AZ2L6S CG GCA CTG CTG GCA GCC AGC TTA GCA CTG CTT GCA GCC TTA
CTG GCA CTG CTG A
A L L A A S L A L L A A L L A L L
AZ2L10S CG GCA CTG CTG GCA GCC CTG TTA GCA CTG AGC GCA GCC TTA
CTG GCA CTG CTG A
A L L A A L L A L S A A L L A L L
Table 3.4: DNA primers used for the preparation of E. coli AZ2 low complexity TM domains.
Primer Sequence 5’ to 3’
AZ2(GG4)A CG GCA CTG CTG GCA GCC CTG TTA GGT CTG CTT GCA GGC TTA
CTG GCA CTG CTG A
A L L A A L L G L L A G L L A L L
AZ2(GG4)AG8I CG GCA CTG CTG GCA GCC CTG TTA ATT CTG CTT GCA GGC TTA
CTG GCA CTG CTG A
A L L A A L L I L L A G L L A L L
AZ2(GG4)AL6A CG GCA CTG CTG GCA GCC GCA TTA GGT CTG CTT GCA GGC TTA
CTG GCA CTG CTG A
A L L A A A L G L L A G L L A L L
AZ2(GG4)AL10A CG GCA CTG CTG GCA GCC CTG TTA GGT CTG GCA GCA GGC TTA
CTG GCA CTG CTG A
A L L A A L L G L A A G L L A L L
AZ2(GG4)AL6AG8I CG GCA CTG CTG GCA GCC GCA TTA ATT CTG CTT GCA GGC TTA
CTG GCA CTG CTG A
A L L A A A L I L L A G L L A L L
AZ2(GG4)AL10AG12I CG GCA CTG CTG GCA GCC CTG TTA GGT CTG GCA GCA ATT TTA
CTG GCA CTG CTG A
A L L A A L L G L A A I L L A L L
AZ2(GG4)AG8IL10A CG GCA CTG CTG GCA GCC CTG TTA ATT CTG GCA GCA GGC TTA
CTG GCA CTG CTG A
A L L A A L L I L A A G L L A L L
Table 3.5: DNA primers used for the preparation of E. coli AZ2TF low complexity TM domains.
3.5.1 Media
Luria-Bertami (LB) medium for aerobic growth of E. coli liquid culture was made from 10 g/L
bacto-tryptone, 5 g/L yeast extract and 10 g/L sodium chloride. Unless stated otherwise, a typical
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overnight culture was made by inoculating 5 mL of media with bacteria in a 20 mL universal vial.
The addition of 16 % (w/v) of agar was used for plates. Antibiotics were added to increase selectivity
of cloned cells. The growth media for DH5α and NT326 were inoculated with ampicillin to a final
concentration of 100 µg/mL. For GALLEX, media was inoculated with final concentrations of
chloramphenicol 5 µg/mL, ampicillin 100µg/mL, and kanamycin 5µg/mL. For growth on media
plates the concentration of antibiotics was kept the same.
3.5.2 Maintenance
Long-term storage of transformed DH5α stocks was achieved by adding 500 µL/mL 50 % glycerol
to 500 µL/mL overnight cell culture with ampicillin. The original bacterial cell lines were grown
and stored in the absence of antibiotics. Samples were frozen in liquid nitrogen and stored at -80◦C.
3.5.3 Preparation of competent E. coli cells
Cells to be made competent were added to 2.5 mL LB media and grown in a shaker at 37◦C
overnight. A 1 mL aliquot of cell culture was added to 100 mL LB media and shaken in a conical
flask at 37◦C until OD600 reached between 0.4 and 0.6. The cell culture was transferred into two 50
mL vials and centrifuged at 3000 rpm for 10 min. The supernatant was discarded and each pellet
was resuspended in 25 mL ice cold 40 mM CaCl2. The cells were left on ice to equilibrate for 5
min. The cell solution was pelletted as described above. The supernatant was discarded and each
pellet was resuspended in 2.5 mL 50 mM CaCl2 plus 20% glycerol. The cells were left on ice to
equilibrate for 30 min, during which time 500 µL tubes were chilled on ice. Aliquots of 100 µL cell
solution were dispensed into pre-chilled eppendorfs and flash frozen in liquid nitrogen.
3.5.4 Transformation of competent E. coli cells
To prepare 75 - 100 µL competent E. coli cells were mixed with 1 - 5 µL purified DNA and left to
incubate on ice for 30 min. Cells were then incubated at 45◦C for 45 sec and immediately returned
to ice for 2 min. The cell solution was inoculated with 400 µL fresh LB media and left to shake at
180 rpm for 1 hr at 37◦C. Cells were harvested by centrifugation at 3000 rpm for 15 min and then
plated out onto fresh LB agar plates.
60
3.6 DNA manipulation and cloning techniques
The following sections explain the extraction and purification of plasmid DNA, the conformation of
modifications and inserts by colony PCR and agarose gel electrophoresis, restriction endonuclease
digestion, ligation, and vector sequencing.
3.6.1 Preparation of plasmid DNA
Plasmid DNA was isolated from harvested cells using an QIAprep Mini-Prep kit (Quagen, Germany).
The kit was used according to the manufacturer’s instructions. Plasmid DNA was recovered in 30
µL ddH2O and stored at -20◦C.
3.6.2 Colony PCR
Ligated TM domain DNA inserts were amplified using colony PCR and then identified according
to size using agarose gel electrophoresis before sequencing. Colonies were picked from fresh
overnight LB agar plates and used to inoculate 50 µL ddH2O. Then, 1 µL colony ddH2O solution
was added to 1 µL Taq buffer with KCl (without MgCl2), 0.6 µL 50 mM MgCl2, 0.1 µL 10 µM
dNTPs, 0.1 µL 10 µM pABLM forward primer, 0.1 µL 10 µM pcc reverse primer, 0.5 µL W-1
detergent, 0.1 µL Taq polymerase (One Taq Hot Start), and 6.5 µL ddH2O. A final volume of 10 µL
of solution was transferred to a PCR tube. The PCR machine was set to:
Lid temperature 99◦C
Initial denaturation 95◦C 3 min
For ×30 cycles:
Denaturation 95◦C 30 sec
Annealing 66◦C 30 sec
Extension 68◦C 1 min
Final Extension 68◦C
Hold 10◦C
End Loop
PCR solutions were loaded into an agarose gel as described in section 3.6.3. An LB liquid media
overnight was inoculated with the remaining 49 µL colony ddH2O solution if DNA bands of the
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correct molecular weight were identified.
3.6.3 Agarose gel electrophoresis
To prepare pBLM100 cut destination vectors, 1 % (w/v) agarose was dissolved in TAE buffer (400
mM Tris base, 20 mM acetic acid, 1mM EDTA with a pH of 8.0). For colony PCR amplified
products, 2 % (w/v) agarose was dissolved in TAE buffer. A 1:20000 solution of the nucleic acid
stain SafeView was added to the respective agarose solution. DNA samples were mixed with DNA
loading dye according to the DNA to dye volume ratio (manufacturer dependent). For cut vector
plasmids, 50 µL sample were loaded per well, and a 1 kb DNA ladder was used to identify bands
according to weight. Colony PCR amplified products were loaded into 10 µL wells, and a 100 bp
DNA ladder was used. Gels were run at 100 V, 150 mA for 35 min. DNA bands were visualised
under a UV transilluminator and photographs of gels were taken with an Imaging System.
3.6.4 Purification of DNA by gel extraction
DNA fragments were visualised under UV light and exercised from the gel and then purified using
a QIAprep Gel Extraction kit according to the manufacturer’s instructions. DNA was recovered in
30µL ddH2O.
3.6.5 Restriction endonuclease digestion of DNA
Restriction endonuclease digestion of pBLM100 DNA at the sites SacI and SpeI was performed
according to the manufacturer’s instructions of the restriction enzymes. Typically, Fermentas Fast
Digestion required incubation at 37 ◦C for 5 - 10 min before recovering the DNA fragments using
agarose gel electrophoresis (section 3.6.3) and gel extraction (section 3.6.4).
3.6.6 Ligation of DNA fragments
Ligation of DNA was performed using T4 DNA ligase. A ratio of 1:3, plasmid vector to DNA insert
was used, and typically incubated at room temperature for 3 - 4 hrs or over night at 4 ◦C.
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3.6.7 Sequencing of plasmid DNA
Ligated DNA was sequenced using the single plasmid read sequencing service at DNA Sequencing
and Bioinformatics - GATC Biotech. Samples of 15 µL of DNA were prepared in 1.5 mL eppendorfs
and 2 µL pcc forward primer was dispatched with every eight DNA samples.
3.7 GALLEX methods
GALLEX is an in vivo reporter system used to measure the homo-interactions of a TM domain in
the E.coli inner membrane (26). The assay provides a semi-quantitative means of comparing the
relative strengths of homo-dimerisation for our TM domains with low complexity backgrounds in a
biological membrane. DNA encoding of TM domains are genetically ligated between the gene for
the DNA binding domain of the E. coli LexA transcription factor, and the gene for maltose binding
protein, MBP. The MBP region resulting chimera is positioned in the periplasmic region and acts as
a membrane anchor. Expression of the chimeric protein is controlled by the induction of the lac
promoter with IPTG (Figure 3.1) and as E. coli is incapable of metabolising IPTG the concentration
remains constant.
on!
lac!
promoter/operator!
MalE!
LexA!
IPTG induction!
Figure 3.1: GALLEX chimeras are expressed through the binding of the IPTG transcription factor to the lac promoter.
Transmembrane helix dimerisation is measured by binding of the dimeric LexA complex to the
op+/op+ promoter/operator region of the E. coli genome, resulting in repression of the reporter
gene lacZ, and subsequent reduction in expression of β-galactosidase (Figure 3.2). This mechanism
yields a system where the strength of the association between the TMs of interest is proportional to
the inhibition of β-galactosidase.
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MalE! MalE! MalE! MalE!
LexA! LexA! LexA! LexA!
off!
op+/op+!
promoter/operator!
Reporter gene !
(lacZ)!
Figure 3.2: The GALLEX chimera consisting of the dimer dependant DNA binding protein LexA, the TM domain, and
the periplasmic anchor MBP. The TM domain interaction enables LexA dimerisation and subsequent repression of β
galactosidase by binding to the op+ promoter.
The strength of association between TM domains is visualised through a colourmetric assay.
Solutions of lysed cells are inoculated with ortho-Nitrophenyl-β-galactosidase (ONPG), which
hydrolyses into ortho-nitrophenol and galactose in the presence of β-galactosidase.
Controls were performed to ensure correct membrane insertion and orientation of the TM protein by
transforming the ligated pBLM plasmid into competent NT326 E. coli cells. Some constructs were
subjected to a sodium hydroxide wash to determine whether the protein was associating with the
membrane, and all constructs were used in a MalE complementary assay to determine the correct
orientation of the TM protein.
3.7.1 Chimera expression, insertion and orientation checks
The following sections explain the steps required to determine TM domain orientation, TM domain
association with the membrane, and expression levels of chimeric protein.
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3.7.1.1 SDS-PAGE
Quantification of the chimeric protein was determined using SDS-PAGE gels and western blotting.
The 12% resolving layer of the polyacrylamide gels were prepared with 1.65 mL ddH2O, 2 mL 40%
acrylamide, 1.3 mL of 1.5 M Tris pH 8.8, 50 µL 10% SDS, 50 µL 10% APS, and 2 µL TEMED.
The 4% stacking layer was prepared from 1.4 mL ddH2, 0.266 mL 40% acrylamide, 0.26 mL 0.5 M
Tris pH 6.8, 20 µ 10% SDS, 20 µ 10% APS and 2 µL TEMED. Samples were prepared by mixing
cell solutions and lysed cell fractions with SDS sample loading buffer (125 mM Tris-HCl pH 6.8,
20% glycerol, 4% SDS, 0.02% bromophenol blue, 5% β-mercaptonethanol) then boiled for at least
10 min. Running buffer was prepared with 25 mM Tris, 250 mM glycine, and 0.1% SDS. Gels were
run at 125 V, 36 mA, for 50 min.
3.7.1.2 Western Blotting
A stock of 1 L TBS (Tris-Buffered Saline) was prepared with 8 g NaCl, 0. g KCl and 3 g of Tris
base. The pH was adjusted to 7.4 then 0.1% Tween20 was added to make TBST. Transfer of protein
from gels to the nitrocellulose membranes was performed according to the instructions for the
Invitrogen and Biorad kits. The resulting blots were blocked using 2% milk TBST solution for at
least 1 hr on a rocker at room temperature. Nitrocellulose membranes were then washed with TBST
for 3 × 5 min. The anti-MBP mouse primary anti-body was diluted to make a 1:4000 2% milk with
TBST solution and applied to the blot. The blot was left to incubate at room temperature for 1 hr
on a rocker. The primary anti-body was removed with a repeat of the 3 × TBST washing. The
final wash was removed and a 1:10000 dilution of an anti-mouse secondary anti-body in 2% milk
and TBST solution applied to the blot and left to incubate at room temperature on a rocker. The
wash was repeated as above. Protein bands were visualised by washing blots in 3 mL of BCIP/NBT
reagent for 10 min. To stop the reaction the blot was washed in TBST for 10 min.
3.7.1.3 MalE complementary assay
A 5×M9 salts stock was prepared by dissolving 33.79 g Na2HPO4, 15 g of KH2PO4, 2.5 g NaCl
and 5.0 g NH4Cl in filter sterilised ddH2O to a final volume of 500 mL. A stock of 1 M MgSO4, 1
M CaCl2 and 20 % w/v volume maltose were prepared in ddH2O and filter sterilised. 78 mL ddH2O
plus 1.5 g Agar was mixed for a final agar concentration of 15 g/L before being autoclaved. Maltose
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plates were prepared by adding 20 mL 5×M9 salts, 0.2 ml 1 M MgSO4, 2 mL 20 % maltose, and
0.01 mL 1 M CaCl2 into the agar solution. Before pouring, the stock was inoculated with IPTG for
a final concentration of 0.01 M. An NT326 colony was picked from an LB ampicillin plate and
streaked onto the maltose plate and then incubated for two to three days at 37◦C. A segment of
the plate was left blank and another segment was streaked with untransformed NT326 cells as a
negative control.
3.7.1.4 Sodium hydroxide extraction assay
5 ml of LB media was inoculated with 50 µL cell culture and IPTG to a concentration of 0.01 M.
The sample was incubated in a shaker until it reached an OD600 0.6 to 0.8. Cell cultures were
centrifuged at 3000 rpm for 10 min before being resuspended in 90 µl ddH2O, 2.4 µL MgCl2, 5
µL DNase (10 mg/ml) and 5 µL lysozyme (10 mg/mL). Samples were left to equilibrate at room
temperature for 1 hr then cooled on ice. 150 µL ice cold ddH2O was added. A 125 µL sample
was extracted for analysis (whole cell fraction) and set to one side on ice. The remaining cell
solution was inoculated with 125 µL ice cold 0.1 M NaOH and vortexed for 1 min. The sample
was centrifuged at 14000 rpm for 15 min. Whole cell and supernatant fractions were mixed with
1 mL of 10 % TCA and left on ice for 30 min. Samples were centrifuged at 14000 rpm for 15
min and the supernatant was discarded. 1 mL of acetone was washed onto the surface of the pellet
and left to incubate on ice for 5 min. A final centrifugation step at 14000 rpm for 10 min was
performed. The supernatant was discarded and the pellet was allowed to air dry. The three fractions
were resuspended in 80 µL 1× protein sample buffer for quantification on a western blot.
3.8 Measurement of β-galactosidase activity
The production of the β-galactosidase activity signal is described in section 3.8.1. The assay is then
extended to include an IPTG concentration titration step to enable the calculation of helix-helix TM
domain disassociation constants (section 3.8.2) (33).
3.8.1 β-galactosidase Assay
A sterile filtered stock of 5× Z-buffer was prepared from 300 mM Na2HPO4, 200 mM NaH2PO4,
50 mM KCl, and 5 mM MgSO4. 4 mg/mL of ONPG was added to 1× Z-buffer and sonicated until
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fully dissolved. Fresh 5 mL LB was inoculated with 50 µL cell culture and IPTG to a concentration
of 0.01 M. Ampicillin, kanamycin and chloramphenicol were added to final concentrations of 100
µg/mL, 5 µg/mL and 5 µg/mL, respectively. Outgrowths were left to incubate in a shaker at 37◦C
until an OD600 0.6 to 0.8. The OD was recorded and then the outgrowths were cooled on ice for the
duration of the assay. 50 µL of cell culture and 50 µL growing media for the blank were aliquoted
into 2 mL eppendorfs. Further preparation by adding 900 µL Z-buffer with β-mercaptoethanol
was performed in a fume hood. The cells were lysed by adding 10 µL 0.1 % SDS and 2 drops of
chloroform and then vortexed for 30 sec. Samples were left to equilibrate to room temperature.
Starting reactions were performed every 15 sec by inoculating one sample with 200 µL ONPG
followed by brief vortexing. Samples were left to incubate for a maximum of 8 min. The procedure
was repeated in the same order with 500 µL 1 M Na2CO3 to stop the reaction. The cells were
spun down at 14000 rpm for 10 min before transferring the supernatant to cuvettes. An OD420
for pigmentation and OD550 for cell debris were recorded. The β-galactosidase miller units were
calculated using equation 3.1:
1000(OD420 − 1.75 × OD550)
t × v × OD600 , (3.1)
where t is time in minutes and v is volume in micro litre.
3.8.2 β-galactosidase Free Energy Assay
Z-buffer, ONPG, and media growth stocks were prepared according to section 3.8.1. The apparent
free energy assay was performed on a single TM chimeric protein construct at a time. Chimeric
plasmid DNA was transformed as described in section 3.5.4 and then plated out onto LB agar.
Three LB media overnights of SU101 colonies were prepared as described in section 3.5.1. Using
the three overnights, ten sets of three independent outgrowths were prepared in 5 mL of LB media
with the necessary antibiotics. To build the IPTG concentration curve, each set of three independent
samples were inoculated with IPTG to a final concentration of 1 mM, 0.5 mM, 0.1 mM, 0.05 mM,
0.01 mM, 0.005 mM, 0.001 mM, 0.0005 mM, 0.0001 mM, or 500 µL plain dH2O. Measurement of
β-galactosidase activity was performed as outlined in section 3.8.1.
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3.9 Specialist software
1. Serial Cloner: design of TM domain primers and manipulation of pBML plasmid destination
vector.
2. 4Peaks: Analysis of sequencing data.
3. ImageJ: Analysis of expression check western blots (170).
4. ∆Gpredictor: Analysis of free energy of TM peptide insertion .
5. OriginPro: GALLEX analysis and data visualisation.
68
Chapter 4
Lipid-Mediated Dimerisation of the
Transmembrane Helical Peptide Neu:
Insights from Molecular Dynamics
Simulations
4.1 Introduction
In this chapter we explore two distinct areas of helix-helix self-association from a top-down
perspective: how the bilayer membrane composition and the effects of a single substitution can
affect the structure and behaviour of a TM peptide.
How much of an affect does the membrane-mimetic have on the structure of a TM peptide? As
a poignant example, a number of research groups, each reaching a different conclusion, have
explored the structure of TM helix 2 of α1 glycine receptor. The target peptide was studied in: TFE
isotropic solvent (171, 172); SDS detergent micelles and DPC (dodecylphosphocholine) detergent
micelles (173); and DMPC lipid bilayers (173). Many simulations in the study by Johnston et
al., (6), verified that there is structural variation of the same helical peptide when inserted into these
different membrane-mimetics.
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A further poignant example utilises MD to study the free energy of self-association of the recep-
tor tyrosine kinases human ErB family (96) in different bilayer membrane compositions. Each
peptide was separated by 20 Å to generate a reaction coordinate over which umbrella sampling
was performed to yield PMF profiles. The variation in free energy between membrane-mimetic
simulations indicated that the protein-protein interactions at short-range were drastically different
in membranes of different compositions. Unfortunately, the simulations failed to probe the effects
of lipid-mediated long-range interactions between TM peptides.
In order to investigate the short-range and long-range effects critical for driving membrane protein
oligomerisation in a membrane bilayer, without losing any detailed information on lipid-lipid
interactions, we have used atomistic MD simulations and free energy calculations. The helical
TM domain of the rat Neu protein, an extensively-studied receptor tyrosine kinase, was used as
a model TM protein in this work and was studied in a single component POPC (full name 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) bilayer. The oncogenic form of Neu, containing
a transmembrane V664E substitution that results in permanent activation of its catalytic kinase
domain (174, 175, 176, 177), was also investigated.
Recent data obtained from the inner membrane of Escherichia coli using the TOXCAT assay (25)
suggests that the oligomerisation of Neu is stabilised by two highly conserved motifs located
on opposite sides of the helix (178). The first interhelical motif, denoted NeuAG, consists of
the sequence A661xxxG665, which is known as the Sternberg-Gullick motif (74). The second
interhelical motif, denoted NeuIV, consists of the sequence of I659xxxV663. It has been suggested
that the helix-helix orientation (I659xxxV663 or A661xxxG665 at the helix-helix interface) acts as a
molecular switch (179, 180, 181, 182), causing a conformational change in a preformed, inactive
dimer that leads to activation of the kinase domain in the cytoplasmic domain (183, 184).
Our results demonstrate that the length of the Neu TM domain gives rise to positive hydrophobic
mismatch and causes stretching and ordering of the lipids surrounding the protein to compensate
for this. Simulations also reveal that the single amino acid substitution drastically affects free
energy values and interhelical distance minima. Most significantly, our free energy calculations
demonstrate changes in free energy at interhelical distances well beyond those for direct protein-
protein interactions (> 6 nm) and suggest a significant long-range entropic contribution to membrane
protein oligomerisation that is transmitted via the lipid bilayer.
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In addition to the effect of lipid mediated protein-protein interactions, we explore how the proto-
oncogenic and oncogenic forms of Neu affect the thermodynamic characteristics of the two
oligomeric states.
4.2 Methods
4.2.1 Forcefield parameters
The peptides were modelled using the united atom Gromos53a6 force field (185) which, has been
shown to give a reasonable estimation of peptide backbone φ- and ψ-dihedral angle probability
distributions compared with other force fields (186). Water molecules were represented using
the Simple Point Charge (SPC) model (187, 188). Compatible chloride counterions were used to
neutralise the five positive arganine side chains on each peptide. POPC lipids were modelled using
a Gromos53a6 compatible lipid force field (189).
4.2.2 Simulation parameters
Simulations were performed using Gromacs 4.5.5 (190). All bonds were constrained using the
LINCS algorithm (155) and thus a time step of 0.002 ps was employed. The temperature of the
system was maintained at 323 K using the Nosé-Hoover thermostat (150). This temperature was
chosen to ensure that the bilayer was in the liquid crystalline phase and also to enable comparison
with our previous simulations of Neu in a DPPC bilayer (46). The Parrinello-Rahman pressure-
coupling scheme (153) was used to maintain the pressure at 1 bar. The pressure-coupling was
applied in a semi-isotropic manner, whereby the z-dimension of the simulation cell (direction of the
bilayer normal) was scaled independently from the xy-dimensions (the plane of the bilayer). Long-
range electrostatic interactions were treated using the particle mesh Ewald approach (127) with a
short-range cut off of 1.4 nm. Lennard-Jones interactions were cut off at 1.4 nm and terminated
with a simple cut off.
4.2.3 Generation of initial configurations of the dimer
The wild-type Neu TM domain has the sequence (R652ASPVTFIIATVV664GVLLFLILVVVVGILIKRRR)
and the oncogenic form, denoted Neu*, contains the V664E point mutation. For clarity, proto-
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oncogenic Neu with an initial starting configuration where I659xxxV663 or A661xxxG665 represents
the primary binding interface will be referred to as NeuIV or NeuAG, respectively. This is also the
case for Neu*. To generate starting structures for MD simulations, the Neu and Neu* sequences
were subjected to a global conformational search in a low dielectric environment using the CHI
algorithm (191). The centre-of-mass interhelical distance was set to 1.15 nm, in agreement to the
optimum distance found by previous conformational searches of Neu (192). Right and left-handed
crossing angles, as defined by the angle between the principle axes of each helix, were set to
-25◦ and 25◦, respectively. The helices were rotated about their principle axes from 0◦ to 360◦ in
increments of 10◦. Each rotational step comprised four trial MD simulations of 5000 time steps; for
each trial a different set of atomic velocities were assigned at random from a Maxwell-Boltzmann
distribution. From the search results, distinct structures were collected using the CHI cluster calcula-
tion tool. The cut off for the root mean squared difference between candidate structures was 0.1 nm.
Up to eight structures within this cut off constitute a complete cluster. The atomistic positions of
each member of the cluster are then averaged to yield a set of possible starting configurations for
further MD simulations. Homo-dimers were selected according to the nearest like for like amino
acid potential energy profile and capped with methyl acetamide and methyl amid at the N- and
C-terminal, respectively. Lysine and arganine were left charged due to their proximity with the lipid
head group and bulk water. The glutamic acid in Neu* was protonated as per experimental data on
the protonation state of glutamic acid in the membrane hydrocarbon tail region (193).
4.2.4 Generation of Initial Bilayer
A POPC bilayer was selected, as its structural properties have been parameterised well (194), and it
has been used in other computational studies (46) and biophysical experiments (46) on Neu.The
POPC bilayer thickness (37.9 Å) is similar to the thickness of the E. coli inner membrane (195),
enabling a comparison to in vivo studies (46). A POPC molecule coordinate file and force field
parameters were obtained from the lipid force field repository LipidBook (196). The POPC bilayer
was created by aligning a single POPC molecule along the z-direction and then replicating the
molecule in the x- and y-directions to form a 200 lipid monolayer. The monolayer was then
replicated and rotated to yield a bilayer structure. The bilayer was solvated with 23765 water
molecules and 10 chloride counterions (to neutralise the charge as the peptides). To ensure that the
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peptides would not interact with their periodic images during the PMF calculations the bilayer was
chosen to approximately 8 nm and 15 nm in the x- and y-dimensions, respectively. The bilayer was
then equilibrated as per the method outlined in section 4.2.6.
4.2.5 Insertion of the dimer into the bilayer
The prepared homo-dimers were inserted into an equilibrated POPC bilayer (see section 4.2.6) using
the InflateGro tool (197). Firstly, all water was temporarily removed from the system and the dimer
of interest was inserted into the centre of the bilayer. The tool then translates every lipid outward,
resulting in a very porous bilayer. An energy minimisation step is performed using the steepest
descent algorithm with a maximum of 5000 steps, an energy threshold of 1000 kJ mol−1 nm−1
and a step size of 0.002 ps. The bilayer is then compressed by applying a scaling factor of 0.95
to the current x and y coordinates of the lipids. The closer the lipids are to their initial starting
configuration, the smaller the steps become and another energy minimisation step is performed.
This procedure repeats until the area-per-lipid through compression of the bilayer approximates
the original area-per-lipid value prior to peptide insertion. The water is returned, counter ions are
added to neutralise the net charge in the system, and the bilayer is re-equilibrated along with the
peptides as described below.
4.2.6 Equilibration procedure
To equilibrate the bilayer prior to peptide insertion, a 1000 kJ mol−1 position restraint was applied to
the phosphorus atom of each lipid head group. A 500 ps simulation was performed under constant
volume. Restraints were removed and the system was allowed to run for 30 ns under constant
pressure. The bilayer thickness and area per lipid were monitored during the bilayer equilibration
simulation to ensure the bilayer had equilibrated to observed experimental values. After insertion of
the dimer, the system was re-equilibrated. First, the system was subjected to an energy minimisation
step using the steepest descent algorithm with an energy threshold of 1000 kJ mol−1 nm−1 and
a step size of 0.002 ps. Position restraints of 1000 kJ mol−1 were then applied to peptide heavy
atoms and the system was simulated for 10 ns under constant NPT conditions. This was followed
by further 10 ns simulations each with position restraints of 100 kJ mol−1 and 10 kJ mol−1 on the
heavy atoms of the peptides and a final 10 ns simulation without restraints. The orientation of each
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dimer was checked to ensure that the respective packing motif (A661xxxG665 or I659xxxV663) had
remained at the peptide-peptide interface after the equilibration stages. Simulations were checked
to ensure that the bilayer area per lipid and bilayer thickness had converged and approximated
observed biological values.
4.2.7 Umbrella sampling and free energy calculations
A reaction coordinate was defined by displacing the equilibrated helices by 1 Å increments up to
75 Å per free energy profile in the y-dimension, yielding a total of 300 umbrella windows across
all four systems of Neu. This resembles a reversible together-apart process. Individual intervals
were equilibrated for 5 ns with a 1000 kJ mol−1 position restraint assigned to the heavy atoms of
the peptides. The total equilibration time over all four Neu systems was 1500 ns. Position restraints
were removed and an umbrella potential of 1000 kJ mol−1 was applied to the xy-lateral distance
between the centre-of-mass of each peptide. Each window was then simulated for 40 ns, resulting
in 2800 ns of umbrella sampling simulation per Neu system and a total time of 11200 ns. The
WHAM, (as implemented in Gromacs 4.5.5) (198), was used to construct free energy profiles from
the final 30 ns of trajectory. Bayesian bootstrapping was used to calculate statistical uncertainty
over 200 bootstrap iterations and the average free energy was taken as the final result. The free
energy profile was normalised to 0 kJ mol−1 where there was no longer a change in free energy
(i.e., when the helices were far apart and non-interacting). This began after approximately 7.0 nm
along the reaction coordinate for all four systems. To account for variation in the start of the free
energy plateau between systems 7.5 nm was selected.
4.3 Results
Neu and Neu* homo-dimer α-helical structures were generated using the CHI software as described
in section 4.2.3 and four conformations were selected for the subsequent MD simulations, where
the A661xxxG665 or I659xxxV663 interface represents the primary binding interface. The structural
properties (area per lipid, bilayer thickness and lipid tail order parameters) were analysed for both
the pure POPC bilayer without the peptides and the POPC bilayer with the peptides at different
inter-helical distances.
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Figure 4.1: Final frame of a 35 ns simulation of POPC fully solvated in simple point charge water molecules. Only water
molecules within 1.5 nm of the average lipid head group position are shown for clarity.
4.3.1 Bulk structural properties of a POPC lipid bilayer
A POPC model membrane was used as an environment to calculate the free energy of association
between both sets of Neu TM domains. As a benchmark, a bulk POPC model bilayer was simulated
at 323 K for 35 ns using the NPT ensemble. A final frame snapshot is presented in Figure 4.1. The
bilayer thickness and area per lipid were calculated over the last 5 ns as described below.
4.3.1.1 Bilayer thickness
The simulated bilayer thickness of a bulk POPC model lipid bilayer was calculated using the
GridMAT-MD software package (199). A 25 × 24 grid of evenly spaced points was applied parallel
to both bilayer surfaces. The fluctuation to the simulation cell volume was small enough to ensure
the constant arrangement of the grid (see Figure 4.3) would approximate the dimension of the
simulation cell xy-plane. The interleaflet distance between lipid phosphate groups within each
grid-square was calculated per recorded frame. The reported average bilayer thickness within each
grid-square was averaged over 5 ns of recorded trajectory. A range of bilayer thickness values
between 3.5 nm to 4.2 nm were calculated (see Figure 4.2), yet the variation in thickness was
shown to be statistically insignificant due to the standard deviation (Figure 4.2). This is indicative
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of the fluidic nature of a liquid-crystalline lipid bilayer. The average bilayer thickness at each
grid-square calculated over the analysed trajectory was 38.9 Å with a standard deviation of 2.9 Å.
The simulated bilayer thickness compares well with the bilayer thickness of 37.9 Å at 323 K
according to small-angle neutron and X-ray scattering data (194).
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Figure 4.2: (A) POPC average bilayer thickness along with (B) the standard deviation (S.D), at each grid-square.
4.3.1.2 Area-per-lipid
The average area-per-lipid of the bulk POPC lipid bilayer was calculated using the GridMAD-MD
software package (199). As with the bilayer thickness calculations, a grid of evenly spaced points
was generated parallel to both leaflets, using the lipid phosphate group as a reference. The average
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Figure 4.3: The simulation box xy-area, parallel to the bilayer. Standard deviation was calculated for the error, however,
it was significantly small to ignore.
area-per-lipid was approximately 60.673 Å2 with a standard deviation of 0.001 Å2. This compares
well with the experimental value of 67.4Å2 ± 1.3Å2 according to small-angle neutron and X-ray
scattering. As presented in Figure 4.3, the converged box area suggests that the area-per-lipid only
fluctuate within the confines of a small area, indicative of an equilibrated lipid bilayer.
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4.3.2 Free energy profiles as a function of peptide separation
The free energy profiles, showing the relative change in the free energy of the four systems as a
function of the distance between the centres of mass of the helices, are shown in Figure 4.4 The
quality of umbrella histogram distribution and overlap can be seen in Figure 4.5. Further more,
each PMF profile was checked for PMF convergence by performing a series of WHAM calculations
over additive 4 ns increments, i.e., from 0 ns – 4 ns, 0 ns – 8 ns,..., to 0 ns – 40 ns. In all four PMF
profiles, the free energy plateaus between 6.5 nm and 7.5 nm, thus each profile was normalised to
∆G = 0 kJ mol−1 at 7.5 nm. This interhelical distance of 6.5 nm is well beyond the cut off distance
for van der Waals interactions between the peptides and the electrostatic interactions are also likely
to be negligible. Thus, the peptides are considered to be in a monomeric state.
Starting from the monomeric state, as the peptides come into closer proximity - between 6.5 nm and
2 nm - there is an overall decrease in the free energy. This indicates that over this distance range,
in all cases, there is a thermodynamic force driving the system towards the dimer state. The free
energy change associated with bringing the proto-oncogenic interfaces NeuIV and NeuAG to their
global free energy minimum is -108± kJ mol−1 and -97±10 kJ mol−1 respectively. In contrast, the
free energy change associated with the oncogenic interfaces Neu*IV and Neu*AG is -55±9 kJ mol−1
and -58±8 kJ mol−1 respectively. In addition, Neu*IV features a free energy plateau from 4 nm to
6 nm at an approximate ∆G of -20 kJ mol−1, and NeuAG features a free energy plateau from 1.8 nm
to 3.8 nm with an approximate ∆G of -40 kJ mol−1.
Individual peptide and dimer tilt angles were recorded according to Appendix A over the last
20 ns of three umbrella windows per system: as a dimer (at the free energy minimum); as the
peptides approach (4 nm along the reaction coordinates); and as a monomer (7 nm along the reaction
coordinate). Even though a peptide tilt angle from the monomeric and approaching configurations
were shown to overlap (Figure 4.6 (A)), the NeuIV tilt angles were found to adopt an approach <
dimer < monomer average tilt angle order. With tilt angles between 32◦ and 60◦, the three umbrella
windows of NeuIV were shown to be more similar to one another than the tilt angles of NeuAG
which were between 10◦ and 60◦. Although the NeuAG title angles (Figure 4.6 (B)) were found
to adopt a monomer < dimer < approach average tilt angle order, one peptide tilt angle from the
monomeric and approaching umbrella windows were indistinguishable from one another and the
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Figure 4.4: Relative free energy of association between pairs of (A) NeuAG and NeuIV peptides and (B) Neu*AG and
Neu*IV peptides, as a function of the distance between the centre-of-mass of the two helices. The error bars were
calculated using Bayesian bootstrap analysis.
dimeric tilt angle. The three sets of tilt angles in the Neu*IV umbrella windows (Figure 4.6 (C))
returned the order approach < monomer < dimer, although the last 5 ns displayed a visible overlap
between the tilt angles of one of the approaching peptides with both monomeric peptides. The
umbrella windows shared a similar range of tilt angles to the proto-oncogenic form, NeuIV. Finally,
with the exception of the overlap between the tilt angle of an approaching peptide with the tilt
angles of both monomeric peptides, the average tilt order for the Neu*IV umbrella windows was
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Figure 4.5: Umbrella sampling histograms along an interhelical distance reaction coordinate for the Neu dimers: (A)
NeuIV, (B) NeuAG, (C) Neu*IV, and (D) Neu*AG. Note: Although there may appear to be an obvious gap to the naked
eye between histograms approximately 4 nm in to the reaction coordinate of (C), there are approximately 200 data points
of over overlap between histograms.
dimer < monomer < approach (Figure 4.6 (D)). With tilt angles between 18◦ and 60◦, the three
umbrella windows of Neu*AG, were similar the range of tilt angles from the proto-oncogenic form,
NeuAG.
Over the range 6.5 nm - 2 nm the peptides do not make contact with each other and all atom pairs are
beyond the cut off distance for short-range interactions. Thus it was surprising to see the attraction
between the peptides extend over such a long-range. One possibility is that the lipids themselves
play a role in dimerization. To explore this further we investigated the molecular arrangement of
the lipids as a function of their distance to the helices.
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Figure 4.6: Dimer and individual peptide tilt angles of (A) NeuIV, (B) NeuAG, (C) Neu*IV, and (D) Neu*AG
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4.3.3 Bilayer thickness
Average bilayer thickness calculations were performed for all four systems (NeuIV, Neu*IV, NeuAG
and Neu*AG) at three selected interhelical distances, which represent distinct regions on the free
energy profile (Figure 4.7 and Figure 4.8). These were: (i) where the interhelical distance was
7 nm and the peptides were in the monomeric state; (ii) where the interhelical distance was 4 nm
and the free energy is intermediate between the dimeric and monomeric states; and (iii) where the
interhelical distance corresponded to the global free energy minimum position. Corresponding
snapshots of the peptides at each distance are also shown. It can be seen that the presence of a
Neu peptide in the bilayer results in a change of thickness to the bilayer from a bulk reference of
3.8 nm to between 4.4 nm and 4.9 nm. The peak in the increase in thickness correlates well with
the position of both peptides. For peptides in the monomeric state, the perturbation extends out to
2.5 nm from the peptide’s centre of geometry. Beyond this distance, the bilayer adopts a bulk lipid
arrangement with a thickness comparable to approximately 3.8 nm, as reported in section 4.3.1.1,
suggesting that each peptide is outside the influence of the perturbed lipids of the other peptide.
When the peptides are at an intermediate interhelical distance of 4 nm, the increase in bilayer
thickness extends across the whole bilayer. At the free energy minimum position, the perturbation
has an effective radius of approximately 3.5 nm from the dimer centre.
4.3.4 Lipid tail order parameters
An increase in the thickness of a bilayer often goes hand-in-hand with an increase in the order of
the lipid tails (200). Essentially, tightly-packed lipid tails show an increase in lipid tail order and
as a result the thickness of the bilayer increases. To investigate whether the aforementioned Neu
and Neu* peptides also affect the lipid tail order, we divided each bilayer into five segments of
approximately 3 nm in length along the y-dimension of the simulation cell. The average lipid tail
order parameter of lipids in each segment was then calculated. The results for the NeuIV, Neu*IV,
NeuAG, and Neu*AG are presented in Figures 4.9, 4.11, 4.10, and 4.12. When the peptides are
in the monomeric state, with an interhelical distance of 7 nm, they are located in the first (0 nm –
3 nm) and fifth (12 nm – 15 nm) segments. When the peptides are 4 nm apart, they are located in
the second (3 nm – 6 nm) and fourth (9 nm – 12 nm) segments. Finally, the peptides taken from the
lowest free energy trajectory are located in the third segment (6 nm – 9 nm).
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AB
Figure 4.7: The averaged POPC bilayer thickness from three (A) NeuAG and, (B) Neu*AG, simulations. From left to right:
self-associated peptides at the free energy minima, interhelical distance of 4 nm, and an interhelical distance of 7 nm
(monomeric). The grey line indicates an average simulation POPC bulk thickness of 3.8 nm. Lipids are in grey space
filling spheres, along with head group atoms: oxygen in red, nitrogen in blue, and phosphorus in tan. Peptides are in
purple surf. Water was removed for clarity.
When the peptides are in the monomeric state (blue lines), with an interhelical distance of 7 nm,
they are located in the first (0 nm – 3 nm) and fifth (12 nm –15 nm) segments and there is an
increase in the order of the lipids in these segments compared to a bulk POPC (black). When the
peptides are 4 nm apart (green lines), they are located in the second (3 nm – 6 nm) and fourth (9 nm
– 12 nm) segments and there is an increase in the lipid tail order that spans from the second to the
fifth segment. Again this demonstrates a close correlation between the bilayer thickness and the
lipid order, although there are a three noticeable exceptions, where the lipids in either segment
become more ordered whilst the system maintains a pair of monomeric peptides (Figure 4.9 (A) and
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Figure 4.8: The averaged POPC bilayer thickness from three (A) NeuIV and, (B) Neu*IV, simulations. From left to right:
self-associated peptides at the free energy minima, interhelical distance of 4 nm, and an interhelical distance of 7 nm
(monomeric). The grey line indicates an average simulation POPC bilayer bulk thickness of 3.8 nm. Lipids are in grey
space filling spheres, along with head group atoms: oxygen in red, nitrogen in blue, and phosphorus in tan. Peptides are
in purple surface representation. Water was removed for clarity.
(B) in segment B, Figure 4.10 (A) and (B) in segment D, and Figure 4.12 (A) and (B) in segment
B). Finally, the peptides in the dimer state (red lines) are both located in the third (6 nm – 9 nm)
segment. The lipid tail order is elevated in this segment and drops back to the bulk value with
increasing distance from the peptides. This matches well with the decrease in bilayer thickness,
which eventually reaches the bulk bilayer thickness, as indicated in section 4.3.1.1.
The most likely origin of the increase in lipid order and bilayer thickness is the hydrophobic
mismatch between the peptide and bilayer. Measuring the longest span of unbroken hydrophobic
residues, F658 to I680, the average hydrophobic length of both helices as a function of time was
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Figure 4.9: Average lipid order of (A) oleoyl tail, and (B) palmitoyl tail, from five regions of the bilayer (0 nm - 3 nm, 3
nm - 6 nm, 6 nm - 9 nm, and 12 nm - 15 nm as partitions A through to E, respectively) during simulations of NeuIV as a
monomer (blue), at an intermediate distance of approximately 4 nm between helices (green), and at the free energy global
minimum (red). The position of each peptide is indicated by the corresponding marker. Lipid tail order calculations from
a POPC bulk bilayer is shown in black. Standard deviation was calculated but the values were significantly small enough
to exclude error bars.
approximately 3.1 nm to 3.4 nm at the global free energy minimum (see Figure 4.13). Relative to
the thickness of the POPC hydrophobic tails (2.81 nm ± 0.6 nm (194)), the significant difference
would require an adjustment to the peptide tilt angle and a change in the bilayer thickness.
In the next section we describe how close range interactions between Neu peptides was shown to be
statistical insignificant in free energy according to Bayesian bootstrap analysis. Yet, by introducing
the V664E substitution the self-association of peptides is in favour of an A661xxxG665 orientation. It
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Figure 4.10: Average lipid order of (A) oleoyl tail, and (B) palmitoyl tail, from five regions of the bilayer (0 nm - 3
nm, 3 nm - 6 nm, 6 nm - 9 nm, and 12 nm - 15 nm as partitions A through to E, respectively) during simulations of
Neu*IV as a monomer (blue), at an intermediate distance of approximately 4 nm between helices (green), and at the
free energy global minimum (red). The position of each peptide is indicated by the corresponding marker. Lipid tail
order calculations from a POPC bulk bilayer is shown in black. Standard deviation was calculated but the values were
significantly small enough to exclude error bars.
is noted that the substitution produces a deep energy well upon peptide association in Neu*IV.
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Figure 4.11: Average lipid order of (A) oleoyl tail, and (B) palmitoyl tail, from five regions of the bilayer (0 nm - 3 nm, 3
nm - 6 nm, 6 nm - 9 nm, and 12 nm - 15 nm as partitions A through to E, respectively) during simulations of NeuAG as a
monomer (blue), at an intermediate distance of approximately 4 nm between helices (green), and at the free energy global
minimum (red). The position of each peptide is indicated by the corresponding marker. Lipid tail order calculations from
a POPC bulk bilayer is shown in black. Standard deviation was calculated but the values were significantly small enough
to exclude error bars.
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Figure 4.12: Average lipid order of (A) oleoyl tail, and (B) palmitoyl tail, from five regions of the bilayer (0 nm - 3
nm, 3 nm - 6 nm, 6 nm - 9 nm, and 12 nm - 15 nm as partitions A through to E, respectively) during simulations of
Neu*AG as a monomer (blue), at an intermediate distance of approximately 4 nm between helices (green), and at the
free energy global minimum (red). The position of each peptide is indicated by the corresponding marker. Lipid tail
order calculations from a POPC bulk bilayer is shown in black. Standard deviation was calculated but the values were
significantly small enough to exclude error bars.
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Figure 4.13: Average hydrophobic distance taken between F658 and I680 of both peptides of NeuIV, Neu*IV, NeuAG and
Neu*AG taken over the last 20 ns of the trajectory at the global free energy minimum.
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4.3.5 Dimer stabilisation through interhelical side chain interactions.
All four systems were found to be in favour of forming a dimer. By measuring the xy-lateral distance
between helices, the umbrella window which approximated the location of the free energy minima
was isolated. These trajectories were used for subsequent analysis over the last 20 ns.
The NeuIV umbrella window whose interhelical distance was closest to 1.35 nm (Figure 4.16
(A)) was selected as the trajectory of the free energy minima. Bootstrap analysis suggested that
the free energy values between 1.3 nm to 1.75 nm were statistical similar. Within this range,
∆G ≈ −108 kJ mol−1 was identified as an average free energy of self-association across this range.
Residues directly in contact with the opposite helix and less than 10 Å (with the aim to identify
residues immediately at the helix-helix interface) were identified using distance calculations in
VMD (201) and are drawn in space fill representation in Figure 4.19 (A). Additional residues are
still within short interhelical interaction distance, but do not form direct contacts at the forefront of
the helix-helix interface. These additional residues can be identified from the interhelical contact
maps in Figure 4.14 (A). At the interface there are no small-xxx-small motifs. The I659xxxV663
motif was within the short-range cut off but had rotated away from the interface. The foremost
contacts are dominated by a collection of beta-branched side chain amino acids; phenylalanine,
leucine and isoleucine, with side chain contacts spanning the length of both helices. Given that the
umbrella potential had been applied between the centre-of-mass of each helix these beta-branched
side chains help explain the location of the free energy minimum along the reaction coordinate.
That is, the dominance of long side chains at the interfaces, increases the separation of the helices
compared to what would be expected from a small-xxx-small motif.
The free energy minimum for NeuAG was found within the range 0.9 to 1.19 nm. Bootstrap analysis
suggests that the free energy values within this region are statistically similar. Within this range
∆G ≈ −97 kJ mol−1 was identified as an average free energy of self-association. The umbrella
window whose trajectory approximated an average interhelical distance of 1.15 nm (Figure 4.16
(B)) was selected and is drawn Figure 4.19 (B). The value of the reaction coordinate at the free
energy minimum is slightly less (helices are closer) than NeuIV as may be the result of shorter side
chain contacts. Although the A661xxxG665 motif was within the short-range cut off, it was not in
direct contact with the opposite helix. In addition, side chains within the short-range cut off yet not
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directly at the interface can be seen in the contact map Figure 4.14 (B). As with the NeuIV dimer,
there were no small-xxx-small motifs present and there were side chain contacts which spanned the
entire length of each helix.
The free energy and interhelical side chain contacts for Neu*IV differ greatly from those of NeuIV.
The free energy minimum was ∆G ≈ −55kJ mol−1 on average and fell within a broad energy well
statistically similar between the distances 1.3 nm and 1.8 nm. In comparison, this is 53 kJ mol−1
less favourable than NeuIV. The free energy minima for Neu*IV and NeuIV were found at a similar
interhelical distance (see Figure 4.16 (C)). Unlike the wildtype, interface contacts were only found
toward the N terminal of each helix with only nine residues in total directly involved in helix-helix
contacts (Figure 4.20 (A). Interestingly, the interhelical packing of the I659xxxV663 motif was
captured at the final frame of the free energy minimum trajectory, which contradicts the atom-atom
distance plot in Figure 4.14 (B). Careful observation of the trajectory confirmed that the I659xxxV663
motif deviated from a I659xxxV663 to I659xxxV663 helix-helix potential interaction,and therefore it
was not recorded as a more permanent interhelical feature on the atom-atom distance plot. The
rearrangement of the helices is most likely down to the interation between the hydrophilic side
chain of the glutamic acids and the hydrophobic lipid core. Both glutamic acids acid side chains
orientated towards the hydrophobic lipid core. At least one of the glutamic acid side chains is within
the distance needed to form a hydrogen bond between the carboxylic group on its side chain with
the oxygen on the backbone of L660 (see Figure 4.17 (A)). A hydrogen bond would help elevate
the energetic penalty incurred from positioning the glutamic acid side chain within the lipid core.
Additional side chain contacts can be seen from the contact map in Figure 4.14 (B), yet there were
no side chains within a potential interhelical contact distance at the C terminal half of both helices.
The Neu*AG umbrella window whose interhelical distance distribution approximated 0.9 nm
(Figure 4.16 (D)) was selected as the best representational trajectory of the free energy minimum.
The bootstrap analysis suggested that the free energy values between 0.77 nm to 1 nm were
statistically similar. Therefore, within this region, ∆G ≈ -58 kJ mol−1 was the average free energy
of association. The wildtype was in favour compared to the mutant by 39 kJ mol−1. The free energy
of self-association between Neu*IV and Neu*AG was considered to be statistically similar although
the minima for Neu*AG occurs at a smaller interhelical distance than for Neu*IV. Residues directly
within contact of the opposite helix were identified and are drawn in Figure 4.20 (B). There are
91
AB Å
Figure 4.14: Interhelical atom-atom contact plots of (A) NeuIV, and (B) Neu*IV. For clarity, distances beyond 10 Å were
not included.
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AB
Å
Figure 4.15: Interhelical atom-atom contact plots of (A) NeuAG, and (B) Neu*AG. For clarity, distances beyond 10 Å were
not included.
a significant number of contacts between side chains along the interhelical interface, spanning
almost the entire length of both helices. The A661xxxG665 motif has been preserved and the E664
residue buries its side chain within the helix-helix interface (see Figure 4.17 (B)). All other potential
contacts between residues were recorded in the contact map Figure 4.15 (B).
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Figure 4.16: Interhelical distance distributions calculated along the xy-dimension. Taken from umbrella simulation
windows pertaining to the free energy of systems of (A) NeuIV, (B) NeuAG, (C) Neu*IV, and (D) Neu*AG from simulation
umbrella windows five, two, six, and zero, respectively.
All four global minimum trajectories were subjected to solvent accessible surface area analysis
(SASA) to determine whether there was a significant change in solvent accessibility to each helix
and to enable comparison with deuterium exchange experiments. Approximately, 14 nm2 to 15 nm2
of each dimer was exposed to the solvent (see Table 4.1), indicative of the polar residues at either
terminus: arganine; serine; threonine; lysine and alanine, are partaking in the lipid-water interface.
All four SASA calculations compare well to percent deuterium exchange detection of the Neu
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Figure 4.17: Final frame of the (A) Neu*IV I659xxxV663 and (B) NeuAG A661xxxG665, interhelical motifs in addition to
E664.
and Neu* peptide backbone which suggested that Neu and Neu* peptides were almost completely
shielded from exchange by being buried inside the lipid membrane (46). There was particular
interest in whether the glutamic acid substitution was interacting with water at the lipid-water
interface as polar residues have been shown to mediate the permeation of water into the bilayer
hydrophobic core (202, 203, 204), potentially disrupting helical stability. The density profiles of
both Neu*AG and Neu*IV systems were calculated to determined whether there was a noticeable
overlap between water and glutamic acid residues in either helix-orientation. As seen in Figure 4.18
(A), the glutamic acid residues (blue and violet) in the Neu*AG dimer do not overlap with the water.
This was expected given that both residues are buried at the helix-helix interface. However, in the
opposite helical orientation (Figure 4.18 (B)), one of the two glutamic acid residues in Neu*IV
overlaps with the water density calculations.
It should be noted that the concentration of proto-oncogenic Neu wild type and oncogenic Neu
dimers in POPC bilayers do not yield a selectable orientation of oligomerisation, therefore direct
comparison to the I659xxxV663 and A661xxxG665 orientations presented in this study are not possible.
Therefore, α-helical values were generated from the combined average of both I659xxxV663 and
A661xxxG665 simulations using the Gromacs g_helix tool, as summarised in Table 4.1 , the α-helical
composition of NeuIV was 57% ± 1% and NeuAG was 69% ± 1%. These results compare well to
experimental CD results of proto-oncogenic Neu and oncogenic Neu in POPC bilayers, which yield
an average α-helical composition of 67.5% and 63.2%, respectively (46).
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Figure 4.18: Particle density normal to the bilayer of (A) Neu*AG, and (B) Neu*IV. The presence of water is indicated by
the red shaded segment.
The average dimer tilt angle at the global free energy minima is presented to enable comparisons
with linear dichroism (LD) experimental measurements of tilt angle of proto-oncogenic Neu and
oncogenic Neu in POPC bilayers (178). As summarised in Table 4.1, NeuIV and NeuAG, with
respect to the bilayer normal returned tilt angles of 45◦ ± 3◦ and 24◦ ± 2◦, respectively, and the
oncogenic form returned tilt angles of 54◦ ± 2◦ and 24◦ ± 4◦ for Neu*IV and Neu*AG dimer,
respectively. LD experiments indicated that oncogenic Neu tilts in excess of 30◦. The spectra
of proto-oncogenic Neu suggested a tilt angle less than oncogenic Neu. As with the α-helical
composition, a direct comparison to experimentation is not possible unless one considers an equal
distribution of both orientations of oligomerisation across the population of Neu peptides. In such a
case, the average dimer tilt angles in this study are 39◦ and 34.5◦ for oncogenic and proto-oncogenic
Neu, respectively, which compares well to the experimental results.
4.4 Discussion
In this study, we investigated how a POPC model bilayer provides a mechanism for Neu TM domain
dimerisation from the positive hydrophobic mismatch between the length of the peptides and the
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Figure 4.19: Final snapshots of dimers; (A) NeuIV, and (B) NeuAG, from the final structure found at the global free energy
minimum. All residues that do not contribute to helix-helix packing at the interface were removed. The bilayer and water
were removed for clarity. A helical ribbon represents the peptide backbone, and amino acids are represented by space
filling spheres.
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Figure 4.20: Final snapshots of dimers (A) NeuIV∗, and (B) Neu∗AG from the final structure found at the global free
energy minimum. All residues that do not contribute to helix-helix packing at the interface were removed. The bilayer
and water were removed for clarity. A helical ribbon represents the peptide backbone, and amino acids are represented
by space filling spheres.
bilayer thickness. The concept of a top-down approach was initiated via the substitution of the
single amino acid substitution, V664E, focusing on the consequences to the lipid-mediated driving
force and the differences to the helix-helix packing interface. To our knowledge, this has been the
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∆G (kJ mol−1) ∆∆G (kJ mol−1) Tilt Angle (◦) Helicity (%) SASA (nm2) Hydrophobic
Length (nm)
NeuIV −108 ± 7 - 45 ± 5 57 ± 1 15 ± 1 3.22 ± 0.08
NeuAG −97 ± 10 - 24 ± 2 69 ± 1 14 ± 1 3.65 ± 0.07
Neu∗IV −55 ± 9 53 ± 2 54 ± 2 67 ± 2 14 ± 1 3.62 ± 0.07
Neu∗AG −58 ± 8 39 ± 2 24 ± 4 60 ± 1 14 ± 1 3.18 ± 0.06
Table 4.1: Free energy and structural calculations of Neu and oncogenic Neu dimers. The ∆∆G is between the oncogenic
and proto-oncogenic sharing the same interface. Standard deviation was used for estimating all errors.
first study involving the calculation of the self-association Neu and its oncogenic form over such a
long reaction coordinate whilst taking into account the helix-helix orientation. To further this study,
it would be insightful to employ the use of meta-dynamics as a function of dimer rotation to better
understand the mode of receptor activation.
4.4.1 The Neu and Neu* dimers are stabilised by side chain interactions.
The noticeable difference in free energy minima between the two helical orientations of Neu and
Neu* is likely to arise from the differences in side chain interactions between homo dimers. One of
the first proposed models of oncogenic kinase activation and increased dimerisation (72, 74) was
based on the protonation of the ionized glutamic side chain due to the pH of the membrane interior.
As a result, the E664 side chain would stabilise receptor dimerisation by interhelical hydrogen
bonding of its carboxyl group with the carbonyl oxygen of A661. The size of G665, on the same
face as A661 and E664 would allow for close packing. Yet, NMR studies were unable to confirm
direct evidence of hydrogen bonding as proposed in the model (73) although model peptides had
been solubilised in TFE solution, providing a greater degree of freedom unlike the confines of a
membrane bilayer. On the other hand, our trajectories obtained from the oncogenic Neu*AG free
energy minimum presented a tightly coupled helix-helix interface, with A664xxxG665 packing at the
interface. At this close distance, the protonated side chain of E664 was within a very close distance
(< 4 Å) of the backbone of A661, suggesting the potential for interhelical hydrogen bonding. In
the proto-oncogenic NeuAG, the free energy minimum is an additional 5 Å to 10 Å along the
reaction coordinate compared with the structure of Neu*AG. This supports the idea that a close
interaction is required to shield the polarity of the protonated glutamic side chains. Our results are
supported further from pKa measurements and 13C chemical shift anisotropy of E664 in oncogenic
Neu (205), yielding results that suggest that protonation of E664 allows a helical conformation
followed by a partitioning into the membrane and finally dimerisation. The helical orientations of
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Neu*IV dimer results in the glutamic acid on each helix being exposed to the hydrophobic lipid
environment. Our data suggests that the energetic penalty for this hydrophobic mismatch is elevated
through a hydrogen bond formation of the glutamic acid closest to the lipid core (Figure 4.17 (A)),
whilst maintaining a smaller dimer tilt angle than the Neu*A dimer to encourage the interaction
between water and lipid head groups with the second glutamic acid side chain (Figure 4.18 (B)).
This mechanism is not seen in Neu*AG given the packing of the glutamic acid side chains at the
helix-helix interface.
A conformation change to the helical backbone, a subsequence activation to the intracellular tyrosine
kinase domain, has been suggested as an alternative model by Brandt-Rauf et al., (206, 207) who
hypothesised that the backbone immediate to the E664 site would dramatically kink and disrupt
the α-helical conformation. However, three-dimensional structures of proto-oncogenic Neu and
oncogenic Neu obtained by NMR spectroscopy (73) confirmed that the overall α-helical structure
was preserved. Further more, in neither of the Neu*AG or Neu*IV global free energy minimum
trajectories was a dramatic change in α-helical composition or kink to the backbone observed.
The levels of α-helicity over both I659xxxV663 and A661xxxG665 respective forms of proto- and
oncogenic Neu from the free energy minimum trajectories match well with CD experiments (46).
NMR data of the two forms of Neu in detergent micelles also supports our reported helical
values (208): even though there was a significant difference in chemical shift between proto-
oncogenic and oncogenic Neu in DPC, the data was consistent with a helical structure in residues
V656 through I680.
Although both NeuIV and NeuAG form a dimer without either I659xxxV665 or A661xxxG665 motifs
directly at the helix-helix interface, it should not be ruled out that they are essential for dimerisation
as seen in the works of Beevers et al., (46). The PMF profiles captured in this study suggest a
lipid mediated driving force powered by the requirements to minimise the ordered lipids in the
simulation cell. By forming a dimer, the number of annular lipids is greatly reduced (given that
one face of each helix is involved in helix-helix packing rather than helix-lipid interaction). In a
system comprised of a whole host of lipid types, such pressure between lipid tail length and peptide
hydrophobic span may not play such a significant role, and thus a stable dimer may rely more on
the energetic contributions of its interacting side chains and the interactions between the side chains
and native biomolecules, such as cholesterol (209).
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4.4.2 Interhelical approach is a lipid-mediated process.
At 33 amino acids, the sequence used to represent the TM domain of Neu is very long. Compensation
for the length with a large tilt angle is evidently not enough, and the hydrophobic mismatch between
peptide and bilayer result in an adjustment to the bilayer thickness. This is seen from each of the
cross sectional bilayer thickness plots with respect to the location of the dimer.
A possible consequence of the ordering of lipids around the helices is that dimerisation is driven
by the structural rearrangement of lipids surrounding the peptides. As the two lipid-mediated
zones of influence intersect, the free energy begins a descent. During the descent, the bilayer
thickness goes from two distinct thicker regions, through a region of intermediate thickness, to
finally a broad single thicker region to accommodate the dimer. As the peptides approach, a greater
proportion of lipids return to the bulk liquid crystalline phase. As a consequence, the increase in
lipid order follows the location of the peptides, only to resume a disordered state in the wake of the
peptide. This process suggests an increase in conformational entropy of the lipids as the peptides
associate (210). Finally, as both peptides form a dimer, the surface area available for peptide-lipid
contact, and subsequent ordering of the alkyl lipid tails, is reduced due to direct peptide-peptide
contact, thereby decreasing the overall order in the system.
Across all four systems, the free energy plateau requires over 5 nm of interhelical separation (around
7 nm along the reaction coordinate) before the difference in free energy becomes independent
of peptide-peptide distance. Each peptide can then be considered a true monomer, beyond all
non-bonding interactions, and any lipid mediated interactions. After observation of the umbrella
window trajectories furthest along the reaction coordinate, and a lateral calculation of average
bilayer thickness, a region of the bilayer between peptides returned to a bulk lipid thickness.
The change between the oncogenic and proto-oncogenic PMF profiles is most likely a result
of introducing a hydrophilic residue into the bilayer core. As such we would expect to see
contention between the position of the residue and the hydrophobic mismatch with the lipid tails.
The V664E substitution in the human ErbB2 ortholog of rat Neu has been shown to change the
membrane boundary of the TM helix by inducing a transverse shift (a shift in the dimer position,
along the dimension normal to the bilayer). This has been confirmed using an alternating leu-ala
sequence (174), suggesting that the transverse shift is not strongly affected by the neighbouring
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hydrophobic residues (211). Although the distance between E664 and the average hydrophilic head
group was not measured, a transverse shift would help explain the differences between oncogenic
and proto-oncogenic Neu PMF profiles. This is supported further by the orientation of E664 during
Neu*IV dimerisation. As observed in Figure 4.17 (A), due to the excessive tilt angle (54◦ ± 2◦), the
E664 closest to the lipid-water interface could induce a slight transverse shift so as to satisfy the
hydrophobic mismatch. As a result, the E664 now situated on the lipid-core side of the dimer has a
reduced chance of interacting with the lipid head group region and potentially forms a hydrogen
bond with the backbone oxygen atom of L660 on the same helix (Figure 4.17 (B)).
The monomeric tilt angles between helical orientations (I659xxxV663 and A661xxxG665) of at least
one peptide from either proto-oncogenic or oncogenic Neu were similar, suggesting that the same
sequence regardless of helical orientation had adopted a monomeric state. It is worth noting that
the tilt angle of oncogenic and proto-oncogenic peptides, 4 nm along the reaction coordinate, were
significantly different according to their helix-helix orientation. NeuAG was shown to adopt a greater
tilt angle than NeuIV, which clearly demonstrated an elevation to a significantly greater portion
of the bilayer than that of the NeuIV simulation. This helps explain the greater free energy value
of NeuAG with respect to NeuIV. Unfortunately, this mechanism cannot explain the switch in free
energy order between the oncogenic Neu orientations.
4.4.3 Both Neu helical orientations have a similar propensity for dimerisation.
The results show that NeuIV is energetically more favourable than NeuAG, although statistical
uncertainty suggests that there is equal drive towards dimerisation across some of the free energy
descent. Although the NeuIV orientation maintains a lower free energy average, upon dimerisation,
the statistical uncertainty suggests equal propensity for stabilising the dimer. Some studies indicate
that the membrane mimetic environment can influence the propensity for Neu dimerisation. For
example, Neu is thought to be monomeric in detergent micelles but forms a dimer in bicelles (212).
Other studies have given semi-quantitative approximations of dimer propensity between different
forms of Neu using an E. coli inner membrane (46). In such a case, one must consider a large number
of unknown variables going into these calculations, including the variation in: lipid composition;
targeted oligomeric state; and interaction with an uncountable number of host proteins. Activation
of the cytoplasmic kinase domains requires a conformational change in the TM domain region. As
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a switch with as yet no identifiable ligand, it is thought to activate upon autophosphorylation from a
conformal change leading into the kinase domain (213). A change in propensity between the two
orientations of oncogenic Neu as described in the PMF profiles presented here, may point towards
the unregulated cell growth that is well established in the literature (214).
4.4.4 Both Neu* helical orientations have a similar free energy values, yet dimeri-
sation of Neu*AG and Neu*IV may halt along a free energy plateau.
Substituting V665 for a protonated glutamic acid made a noticeable change to the free energy profile.
The difference in free energy between the proto-oncogenic Neu and the oncogenic form had been
reduced; although still in favour of dimerisation, the propensity was less. In addition, Neu*AG
becomes more energetically favourable than Neu*IV, which is not the case for Neu. Yet, unlike
Neu*IV, upon self-association Neu*AG looses its drive toward dimerisation just before the short-
range interactions due to a significantly long free energy plateau. This is also observed for Neu*IV
from 4 nm through 6 nm along the reaction coordinate. The PMF profiles imply that a switch in
helix-helix orientation as the monomers approach each other would drive Neu* into a dimer with
I659xxxV663 at the interface. Conversely, the results indicate that if dimerisation occurred with
a A661xxxG665 helix-helix orientation, the deep global free energy well may prevent Neu* from
exploring a different conformation, as would be the case from the statistically equivalent free energy
orientations of Neu. The mechanism proposed here of a locked helix-helix orientation of Neu*,
support the increase in activation propensity of Neu* in CHO (Chinese hamster ovary) cells (215).
It is worth noting that a recent publication by Prasanna et al., (216) explored the PMF profiles
of ErbB2, including the mutant V664E in addition to the perturbation to the annual lipids using
the MARTINI CG force field. They report similar changes to the bilayer thickness, however, as
observed in chapter 6, the early convergence of the PMF profile maybe as a result of the force field.
Further more, dimers were formed using self-assembly with little consideration to the helix-helix
orientation.
4.5 Conclusion
Given that these calculations are computationally expensive, it has become commonplace to define
a reaction coordinate no further than the cut off of the short-range interaction potential. We have
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shown the profound affect that long-range interactions, mediated through long-ranged lipid-lipid
interactions, have on the PMF profile of self-association of the receptor tyrosine kinase Neu
along a together-apart-together reaction coordinate. By doing so, it was revealed that the positive
hydrophobic mismatch between the hydrophobic length of the Neu TM domain and the hydrophobic
length of the POPC tails was acting as a driving force by minimising the number of ordered tails
in the system. Interestingly, although this mechanism was still observed in the oncogenic form,
the PMF profile was not as pronounced as in the proto-oncogenic form. We observed a potential
switch in preferred helix-helix oligomerisation between the oncogenic and proto-oncogenic form.
As a dimer, the interaction motifs I659xxxV663 and A661xxxG665 were not directly involved with
helix-helix packing in the oncogenic dimer. However, they were present in both proto-oncogenic
helix-helix orientations. A mechanism of shielding the polarity of E664 was observed in the form
of burying both residues at the helix-helix interface, or forming intrahelical hydrogen bonds with
one E664 whilst the second E664 is positioned towards the water-lipid interface. Finally, we suggest
that the difference between PMF profiles of both helical orientations from the same sequence is
sequence independent, and rather a result of a complex mechanism of tilt angle, bilayer thickness,
lipid order, and glutamic acid location (in the case of oncogenic Neu). Further investigation would
be required to unravel this mechanism.
This study has not explicitly addressed a rotational mechanism of tyrosine kinase activation (179),
however, it does suggest that lateral association between Neu peptides is influenced greatly by the
hydrophobic environment and the V664E substitution.
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Chapter 5
Self association of low complexity
scaffold TM domains in a biological
environment using the in vivo GALLEX
assay
5.1 Introduction
Over two decades of research into TM domain oligomerisation suggests that one of the key compo-
nents thought to stabilise TM domain lateral interactions in the two stage model are interactions
motifs (217). Working from a native TM sequence enforces a top-down approach, usually through
alanine mutations of key amino acids. Unfortunately, the remaining unaltered TM sequence may
continue to exert unaccounted for influences on the tertiary protein fold. This chapter looks at
combining the well-known interaction motifs, GG4, heptad repeat, and single polar residues, on a
low sequence complexity scaffold. Starting at a low sequence complexity heptad repeat, energetic
contributions captured by introducing simple interaction motifs in a biological membrane (33). This
bottom-up approach introduces a rational design through the arrangement of interaction motifs as
building blocks.
The experimental work reported in this chapter aims to characterise the order of relative strength
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of homo-dimerisation between TM domains of low sequence complexity scaffolds in a biological
membrane, and by extension report the apparent free energy of self-association. Two sets of
low sequence complexity, heptad repeat scaffolds were complemented by different helix-helix
interaction motifs. Genes encoding these sequences were ligated into the pBLM100 destination
vector for the GALLEX assay and expressed with IPTG. Chimeric proteins were tested for correct
orientation across the inner membrane using the MalE complementation assay, and in some cases a
sodium hydroxide wash was performed to determine if the protein chimera was associating with the
inner membrane. The TM domain sequence along with three flanking residues from both linker
regions of the chimera protein were theoretically assessed for their propensity of insertion via the
endoplasmic reticulum Sec 61 translocon (218) using the online tool ∆GPredictor.
The order of relative strength of homo-dimerisation between low complexity scaffolds was deter-
mined using the GALLEX assay. The ∆Gapp of self-association of scaffolds L17 and AZ2, along
with their respective mutant sequences: L17(GG4); L17L9Q; AZ2(GG4)L; and AZ2(GG4)A were
calculated by varying the concentration of IPTG as described in section 3.8.2. The propensity
for self-association and relevant free energy calculations of each low complexity scaffold are
summarised in the discussion.
5.1.1 Low complexity scaffold design
The rational design for interaction motif building blocks, as illustrated in Figure 5.1, begins with
a low sequence complexity heptad repeat. The first of two levels of complexity is introduced by
adding a single interaction motif: be it a GG4 or a single polar residue. The second level, a single
point mutation to the interaction motifs, aims to disrupt the interaction motif.
Each low complexity scaffold consisted of seventeen amino acids thought to adopt a left-handed,
positive crossing angle (also known as a left-handed coiled-coil). The first design, polyleucine
(L17), an α-helix rich in leucine, has typically been shown to conform to a heptad repeat pattern and
adopt a left-handed crossing angle as a dimer (54). Residues L3, L6, L10, L13, and L17 make up the
primary helix-helix interface (see L17, Table 5.1). The second low complexity scaffold, the alanine
zipper (AZ2), consists of residues A1, A4−5, A8, A11−12, and A15, and residues L2−3, L6−7, L9−10,
L13−14, and L16−17 (see AZ2, Table 5.1). By itself alanine was found to either marginally exceed
the hydrophobic threshold required for a stable membrane α-helix (219), or have a hydrophobicity
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Figure 5.1: Rationale behind the bottom-up approach to low sequence complexity building blocks. From a heptad repeat
sequence, either a GG4 or polar residue is introduced. Finally, the GG4 is disrupted from a single point mutation.
scale bordering a stable solvent α-helix (220), yet a mixed leucine-alanine peptide was identified
as forming a stable integral membrane α-helix (221, 222). According to the early TOXR work by
Gurezka et al. (106), the primary homo-dimer interface of an alanine zipper contained leucine at
heptad repeat positions a and d. They found that a single point mutation of either site to alanine
resulted in significant disruption to the dimer.
5.1.2 Polyleucine scaffold design
This study presents three individual modifications to the low complexity L17 scaffold. The first mod-
ification was the inclusion of a GG4 motif central to the hydrophobic TM domain (see L17(GG4),
Table 5.1). In the second modification, the second glycine in the GG4 interaction motif was substi-
tuted for an isoleucine (see L17(GG4)G11I, Table 5.1). The GG4 interaction motif has shown to
contribute significantly to helix-helix oligomerisation of TM domains (97, 24). Given the disruptive
effect of the G83I substitution in the Glycophorin A dimer, any GG4 driven association of the
polyleucine sequence should be disrupted. The third modification was the incorporation of a single
glutamine residue at the centre of the TM domain (see L17L9Q, Table 5.1). Polar residues have
shown to contribute significantly to helix-helix oligomerisation of TM domains (79, 69, 70) and are
an evolutionary conserved feature of many native TM proteins (223).
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5.1.3 Alanine zipper scaffold design
The AZ2 coiled coil heptad repeat sequence is thought to adopt a small left-handed crossing angle
(224). The substitutions L6G and L10G were made to introduce a GG4 interaction motif with the
aim of further stabilising the oligomerisation of AZ2 (see AZ2(GG4)L, Table 5.1). Alternatively, it
may introduce contention between the two motifs as GG4 is found predominately in right-handed
dimers (225). GG4 occurs frequently and in association with β-branched valine and isoleucine
(28), the length of leucine’s γ-branched side chain may prevent a GG4 helix-helix orientation
from maximising its packing surface. The work of Lear et al., (225) found an improvement to
self-association of a membrane-soluble peptide coiled coils with glycine at positions a and d over
two heptads. It must be noted that their model peptide was more complex in sequence than AZ2
and featured an extra GG4 motif.
The next set of modifications, denoted AZ2(GG4)LG6I and AZ2(GG4)LG11I (see Table 5.1)
introduces a single isoleucine in place of a glycine. These two scaffolds will help decipher whether
GG4 is driving self-association, or if an additional interface could stabilise self-association during
disruption to the GG4 on the leucine face.
Finally, a serine residue is incorporated at two different locations of the AZ2 sequence to determine
whether serine can encourage self-association of an AZ2 low complexity scaffold. Serine residues
replaced the leucine primary binding residues L6 and L10 in sequences AZ2L6S and AZ2L10S (see
Table 5.1), respectively. Calculations by Sal-Man et al., (226) estimated that motifs of multiple
serine residues could contribute up to 30% to the free energy of association.
5.1.4 Bifunctional alanine zipper
The low complexity scaffold AZ2(GG4)A was the result of the A8G and A12G substitutions (see
Table 5.1). Unlike AZ2(GG4)L where contention was purposely introduced to what was assumed
to be the primary binding site, AZ2(GG4)A was intended to introduce a secondary helix-helix
binding site. The additional modifications to AZ2(GG4)A: AZ2(GG4)AG8I, AZ2(GG4)AG12I,
AZ2(GG4)AL6A and AZ2(GG4)AL10A would determine whether a dimer could switch between
binding sites.
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Heptad template f1 g2 a3 b4 c5 d6 e7 f8 g9 a10 b11 c12 d13 e14 f15 g16 a17
L17 L L L L L L L L L L L L L L L L L
AZ2 A L L A A L L A L L A A L L A L L
L17 L L L L L L L L L L L L L L L L L
L17(GG4) L L L L L L G L L L G L L L L L L
L17(GG4)G11I L L L L L L G L L L I L L L L L L
L17L9Q L L L L L L L L Q L L L L L L L L
AZ2 A L L A A L L A L L A A L L A L L
AZ2L6S A L L A A S L A L L A A L L A L L
AZ2L10S A L L A A L L A L S A A L L A L L
AZ2(GG4)L A L L A A G L A L G A A L L A L L
AZ2(GG4)LG6I A L L A A I L A L G A A L L A L L
AZ2(GG4)LG10I A L L A A G L A L I A A L L A L L
AZ2(GG4)A A L L A A L L G L L A G L L A L L
AZ2(GG4)AG8I A L L A A L L I L L A G L L A L L
AZ2(GG4)AG12I A L L A A L L G L L A I L L A L L
AZ2(GG4)AL6A A L L A A A L G L L A G L L A L L
AZ2(GG4)AL10A A L L A A L L G L A A G L L A L L
Table 5.1: TM domain sequences of low complexity scaffolds with additional motifs. The sequences are aligned to the
heptad repeat schematic a b c d e f g, where red denotes the primary interface for the scaffold, and blue denotes the
secondary binding interface.
5.2 Experimental methods
See chapter 3.
5.3 Results
5.3.1 Analysis of scaffold insertion and orientation
GALLEX chimera proteins were assessed for correct insertion using a combination of complemen-
tary tools. The first tool was the theoretical thermodynamic predictor, ∆GPredictor, which assigned
an estimate of free energy of insertion through the Sec 61 translocon. The second tool makes use of
high selectivity according to chimera orientation by growing E. coli NT326 transformed cells on
minimal media. Finally, a sodium hydroxide wash (see section 3.7.1.4) was performed on the L17
scaffold and mutants in addition to both controls.
5.3.1.1 Theoretical insertion of scaffold TM domains
Typically, integral membrane proteins are accompanied by a chaperone to protect the hydrophobic
residues from forming insoluble aggregates in the cytosol. The hydrophobic mismatch between
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non-polar side-chains and the polar head group region of the lipid membrane acts as a thermody-
namic barrier preventing spontaneous insertion (227). The integral membrane protein known as
a translocon provides a mechanism to chaperone the TM protein and partition the membrane for
TM protein insertion. The web based tool ∆GPredictor (66) was used to analyse the theoretical
free energy of TM protein insertion into a biological membrane via the endoriticulum Sec 61
translocon. The predictive modelling tool ∆GPredictor is based on in vitro experimental results of
the recognition of 19-residue long amino acid sequence through the Sec 61 translocon. The free
energy difference is based on the assumption that individual amino acid contributions are additive,
with the hydrophobic moment and length of the helix also taken into account. The predicted free
energies of insertion (∆Gpred) of each TM domain sequence are displayed in Figures 5.3, 5.4, and
5.5. In all cases the net ∆Gpred was negative suggesting that they would spontaneously insert across
the bilayer. L17 was in complete favour of insertion due to the strong hydrophobic nature of leucine,
with only the chimera protein linker region reporting a positive ∆Gpred. Adding a GG4 motif was
particularly unfavourable yet the whole sequence was still theoretically prone to insert. Glycine
plays a crucial role in TM helix packing, although it is also considered to be a helix breaker due to
the flexibility the side chain provides the immediate peptide backbone (228). This would expose the
hydrophilic peptide backbone to the nonpolar lipid alkyl tails. Replacing glycine with isoleucine
was a considerably favourable substitution due to the difference in hydrophobicity. Finally, the
addition of glutamine was predicted to be the least favourable residue to insert given its strong polar
nature. Second to cysteine, glutamine is the least frequently occurring amino acid in α-helical TM
domains (228).
The ∆Gpred of AZ2, as seen in Figure 5.3, predicts the favourable insertion of the TM peptide across
the membrane. Even though alanine contributes to an increase in ∆Gpred due its borderline apolar
nature (65), it is the second most common amino acid in TM α-helices and plays a significant role
in helix-helix packing (28). Applying a GG4 motif makes AZ2 slightly less favourable, yet the
combined hydrophobic contribution from the leucine residues still produces a negative net ∆Gpred.
Mutation of either glycine residue to isoleucine encourages protein insertion by increasing the net
hydrophobicity of the sequence. The inclusion of serine towards the centre of the TM domain
increases the net ∆G of insertion yet the combined ∆Gpred still remains in favour of insertion. It is
interesting to note that serine is the most frequently occurring non-charged polar residue in TM
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α-helix composition (228). Serine may satisfy the need to hydrogen bond by forming an intrahelical
hydrogen bond with the backbone carbonyl oxygen atom (71).
AZ2(GG4)A has a ∆Gpred profile similar to AZ2(GG4)L. The replacement of leucine to alanine in
AZ2(GG4)AL6A and AZ2(GG4)AL10A demonstrates a decrease in the propensity for insertion
given that leucine was predicted to contribute significantly to insertion due to its position on the
hydrophobic scale.
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L17!
L17(GG4)! L17(GG4)G11I!
L17L9Q!
Heptad Scaffold!
AZ2(GG4)A!
AZ2(GG4)L!
AZ2(GG4) LG6I!
AZ2(GG4) LG10I!
AZ2L6S!
AZ2L10S!
AZ2(GG4)AL6A!
AZ2(GG4)AL10A!
AZ2(GG4)AG8I!
AZ2(GG4)AG12I!
AZ2!
Interaction Motif! Motif Mutation!
Figure 5.2: Atomistic representations of the single low complexity scaffolds used throughout this study. Residues at
heptad repeat sides a c d and f are shown as space filling spheres. Residues are coloured according to their type: red -
alanine, blue leucine, green - glycine, light purple - isoleucine, orange - glutamin, and dark purple serine.
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Figure 5.3: Theoretical ∆Gpred of TM domains L17, L17(GG4), L17(GG4)G11I, L17L9Q, AZ2, and AZ2(GG4)L. Green
indicates residues in favour of membrane insertion, and red indicates otherwise. For a brief explanation on theoretical
∆Gpred, see section 5.3.1.1 or Ref (66).
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Figure 5.4: Theoretical ∆Gpred of TM domains AZ2(GG4)LG6I, AZ2(GG4)LG10I, AZ2L6S, AZ2L10S, AZ2(GG4)A,
and AZ2(GG4)AG8I. Green indicates residues in favour of membrane insertion, and red indicates otherwise. For a brief
explanation on theoretical ∆Gpred, see section 5.3.1.1 or Ref (66).114
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Figure 5.5: Theoretical ∆Gpred of TM domains AZ2(GG4)AG12I, AZ2(GG4)AL6A, and AZ2(GG4)AL10A. Green
indicates residues in favour of membrane insertion, and red indicates otherwise. For a brief explanation on theoretical
∆Gpred, see section 5.3.1.1 or Ref (66).
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5.3.1.2 Analysis of protein chimera association with the inner membrane from sodium hy-
droxide washes
Attempts at quantifying the expression levels of L17 chimeric scaffolds in E. coli SU101 resulted in
significant levels of protein over expression. Therefore, to ensure that the expressed L17 chimeric
scaffolds and mutants were associating with the inner member and not forming cytosolic aggregates,
cell cultures were washed with sodium hydroxide. Membranes washed with sodium hydroxide
result in weakly associating proteins being removed, leaving strong membrane associating and
integral membrane proteins behind.
Cell cultures were washed with ice-cold sodium hydroxide and centrifuged. If the chimeric protein
associated with the E. coli inner membrane, it would be detected from western blotting in the whole
cell (WC) fraction and membrane protein (MP) fractions with a close to undetectable amount of
protein in the soluble protein (SP) fraction. Western blotting followed by immunoblotting with anti-
MBP antibodies revealed that L17 chimera protein variants were present in the WC and MP fractions
(Figure 5.6 (A)). As the MP fraction was very unclear, possibly due to protein over expression, a
fresh membrane fraction was prepared and washed with acetate. After acetate precipitation and
immunoblotting of three independent biological samples, all L17 chimera scaffolds were shown to
be strongly associated with the inner membrane, as seen in Figure 5.6 (B).
WC   !SP   !MP   !WC   !SP   !MP   !WC   !SP   !MP   !
WC   !SP   !MP   !WC   !SP   !MP   !WC   !SP   !MP   !
G83I   ! GpA   ! L17   !
L17(GG4)   ! L17(GG4)!
G11I   !
L17L9Q   !
G83I   ! GpA   ! L17   !
L17(GG4)   !
L17(GG4)!
G11I   ! L17L9Q   !
A! B!
Figure 5.6: Immunoblots of polyleucine chimera scaffolds along with both controls G83I and GpA after (A) being
washed with sodium hydroxide were loaded as whole cell fractions (WC), soluble proteins fractions (SP), and membrane
associating protein fractions (MP). (B) Three independent samples of the MP were washed with sodium hydroxide then
washed with acetate. All samples displayed membrane bound protein fractions after immunoblotting with anti-MBP
antibodies.
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5.3.1.3 MalE complementation assay
Prior to performing a β-galactosidase assay, it was imperative to establish whether the membrane
associating chimeric proteins were orientated across the inner membrane with the MBP anchor
in the periplasm and the LexA binding protein in the cytoplasm side. Chimeric proteins were
expressed in MalE deficient E. coli NT326 by 10 µM IPTG induction and then grown on M9
minimal media containing 0.4% maltose. Cells expressing chimeric proteins incapable of crossing
the inner membrane, or incorrectly inserted would show no sign of cell grown after approximately
three days of incubation at 37◦C. All chimeric proteins expressed in E. coli NT326 successfully
grew on the minimal media plates as seen in (D) of Figures 5.7, 5.8, 5.9, and 5.10.
5.3.2 Analysis of low complexity scaffold interactions using GALLEX
The propensity for self-association of low complexity scaffolds and scaffolds with motif modifica-
tions were analysed using the GALLEX assay as described in section 3.8.1. The TM domain of
GpA and the mutant G83I, were used as positive and negative controls, respectively. The seminal
works by Russ et al.,(25), Schneider et al.,(26) and Brosig et al.,(24) reported similar difference
in self-association between both controls in a biological context. The three basic low complexity
scaffolds (L17, AZ2, AZ2(GG4)A) and GpA control were normalised to G83I. Modifications of low
complexity scaffolds were normalised to the value of their native sequence; for example, AZ2L6S
was normalised to AZ2.
Each GALLEX signal was scaled to the WC protein expression level obtained using western
blotting and immunoblotting. In order to remove technical error from every blot performed across
this study, a complete blot of native MBP and chimera bound MBP was selected at random. The
average band intensity of native MBP was calculated using ImageJ. The average intensity was used
as a normalising factor for band intensities of MBP bound chimeric proteins across all blots. After
normalising to the native MBP average intensity, a natural logarithm function was applied in order
to remove excessive variation between protein expression values. Variation was typical of over
development, change in scanner, and a difference in images resolution. An extensive survey on
published western blots by Gassmann et al., (229) highlight the issues associated with western blot
protein quantification.
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Low complexity scaffold chimeric proteins were subjected to three independent β-galactosidase
measurements. The final result was taken from the average of the three samples and the error
was given by the standard error of the mean. The individual measurements were tested against a
gaussian distribution before being subjected to one-way ANOVA with a p-value of 0.05.
5.3.2.1 Low complexity scaffolds
The GALLEX signal for G83I was scaled to protein expression levels (a representation of three
independent biological repeats loaded into a western blot, as seen in Figure 5.7 (B)) and normalised
to 1 (Figure 5.7 (A)). The three low complexity scaffolds were scaled by protein expression levels
and then normalised to the scaled value of G83I. The results are presented in Figure 5.7. GpA
is approximately 30% of the G83I signal, within rough approximation of the original works by
Schneider and Engelman (26). Polyleucine self-association was found to be slightly less favourable
than G83I. The AZ2 scaffold was approximately 50% the signal of G83I, and according to ANOVA
analysis in Figure 5.7 (C)), AZ2(GG4)A was statistically similar to GpA, suggesting a strong
association.
5.3.2.2 Polyleucine scaffolds
GALLEX signals for the L17 scaffolds and three mutants: L17(GG4); L17(GG4)G11I; and L17L9Q,
were scaled to protein expression levels from western blots (see Figure 5.8 (B) as a representation)
and then normalised to L17 (Figure 5.8 (A)). One-way ANOVA analysis predicted a statistically
insignificant difference between any of the sequences with the exception of L17L9Q (Figure 5.8
(C)).
5.3.2.3 Alanine zipper scaffolds
GALLEX signals for the AZ2 low complexity scaffold and mutants were scaled to protein expression
levels (see Figure 5.9 (B) as a representation). The five mutants were normalised to the scaled
value of AZ2 as depicted in Figure 5.9 (A). Introducing a GG4 motif on the leucine face of the
helix (AZ2(GG4)L) produced a significant drop in GALLEX signal, to approximately 80 % of
AZ2. The isoleucine substitutions in the GG4 motif disrupted association resulting in a signal
equivalent to AZ2. Replacing leucine with serine at 6c resulted in a significant drop in GALLEX
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D!
C!
B!
Estimate
Figure 5.7: (A) Semi-quantitative GALLEX assay of low complexity scaffolds using sets of three independent biological
repeats. (B) Averaged values were analysed by one-way ANOVA with a significance cut-off of 0.05. (C) GALLEX
signals had been scaled by expression levels. The protein bands present are are a subset from the quantification of all
biological repeats. (D) MalE complementation assays were performed to verify the orientation of integral membrane
chimeric proteins.
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Figure 5.8: (A) Semi-quantitative GALLEX assay of L17 scaffolds using sets of three independent biological repeats. (B)
Averaged values were analysed by one-way ANOVA with a significance cut-off of 0.05. (C) GALLEX signals had been
scaled by expression levels. The protein bands present are are a subset from the quantification of all biological repeats.
(D) MalE complementation assays were performed to verify the orientation of integral membrane chimeric proteins.
signal to approximately 80% of AZ2, similar to the propensity of self-association of AZ2(GG4)L.
Surprisingly, introducing serine further along the TM domain at position 10g resulted in drastic
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reduction in GALLEX signal, approximately 35% of AZ2. In response to the changes made to AZ2
it is evident that association can be driven further by the inclusion of a GG4 motif, and even more
so by substituting the sixth leucine for a serine.
5.3.2.4 Bifunctional alanine zipper scaffolds
The AZ2(GG4)A scaffolds and mutants were scaled to expression levels (see Figure 5.10 (B) as a
representation) before being normalised to AZ2(GG4)A (Figure 5.10 (A)). Both variants of leucine
to alanine substitutions were statistically similar to AZ2(GG4)A (Figure 5.10 (C)). On the other
hand, substituting either glycines to isoleucines on the secondary interfaces resulted in a significantly
large increase in GALLEX signal with no discernible difference between the two. In response to
changes AZ2(GG4)A, it is evident that substituting either glycines in the alanine associating and
neighbouring GG4 significantly disrupts dimerisation. Conversely, replacing leucine for alanine
makes no changes to the propensity for AZ2(GG4)A to form a dimer.
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Figure 5.9: (A) Semi-quantitative GALLEX assay of AZ2 scaffolds using sets of three independent biological repeats.
(B) Averaged values were analysed by one-way ANOVA with a significance cut-off of 0.05. (C) GALLEX signals had
been scaled by expression levels. The protein bands present are are a subset from the quantification of all biological
repeats. (D) MalE complementation assays were performed to verify the orientation of integral membrane chimeric
proteins.
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Figure 5.10: (A) Semi-quantitative GALLEX assay of AZ2(GG4)A scaffolds using sets of three independent biological
repeats. (B) Averaged values were analysed by one-way ANOVA with a significance cut-off of 0.05. (C) GALLEX
signals had been scaled by expression levels. The protein bands present are are a subset from the quantification of all
biological repeats. (D) MalE complementation assays were performed to verify the orientation of integral membrane
chimeric proteins.
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5.3.3 Free energy of association in a biological membrane
Detailed knowledge of the equilibria and free energy characteristics of a de novo membrane protein
in a biological context is essential. Even though there is a wealth of excellent biophysical reports
on the free energy of TM domain association, the results are generally constrained by the simplistic
mimetics used for solubilising membrane proteins. The composition and macrostructure of the
mimetic may influence free energy results. Equally so, modelling the complex composition of a
biological membrane using computational techniques is currently beyond the capacity of most high
end clusters, high performance computers and current force fields.
This sections reports the relative Gibbs free energy calculations of self-association in a biolog-
ical membrane. Both controls are measured, along with the: L17; L17(GG4); L17L9Q; AZ2;
AZ2(GG4)L; and AZ2(GG4)A constructs. Per construct, nine data points from three independent
cell cultures were induced with 0.0001 mM - 1 mM IPTG. Cell cultures were subjected to western
blotting followed by immunobloting using the anti-MBP antibody. A linear fit was applied to the
averaged protein expression levels according to IPTG concentrations. Only samples from cell
culture sets where the average protein expression approximated a linear fit would contribute to the
IPTG concentration curve. The concentration curve is sigmoidal in appearance. The data was fit
using a non-linear Hill function assuming a simple monomer-dimer equilibrium:
y = Vmax
xn
Knd + x
n , (5.1)
where Kd is the apparent dissociation constant ( K
app
d ). The Hill function approximates a logistic
function when the IPTG concentration is logarithmically scaled. This is important when a range of
concentrations result in saturation of the GALLEX signal over a few orders of magnitude.
In a biological system many parameters must be taken into consideration. The steepness of the
curve will be the sum of several equillibra (non-specific interactions), such as the self-association
between chimeric proteins and association with a whole host of native biological molecules. The
system is complicated further by the increased surface density of the chimeric proteins. This not
only affects the monomer-dimer equilibrium but also the absolute amount of active LexA. As there
is no direct control over the other biologically relevant equilibria, the results are limited to a simple
monomer-dimer model. In addition, all values are only relevant within the context of other chimeric
124
protein scaffold free energy calculations.
The KappD (µM), was calculated by rearranging the non-linear Hill fit. The apparent free energy
of association, ∆Gapp, was calculated using the relationship ∆Gapp = −RTln(KappD ), where the
temperature was set to 298 K and the ideal gas constant, R = 0.00918 kcal K−1 mol−1.
Similar levels of protein expression were found between GpA, G83I, AZ2, AZ2(GG4)L and
AZ2(GG4)A, all of which followed a linear relationship with respect to IPTG concentration. The
expression levels of L17, L17(GG4) and L17L9Q followed a linear relationship with respect to
IPTG concentration but clearly show signs of over expression as discussed in section 5.3.1.2.
Insert A of Figure 5.11 through to Figure 5.18 present the concentration curves for the (scaled to
expression) GALLEX signal vs. IPTG concentration of the aforementioned chimeric proteins. At
very low IPTG concentrations, AZ2 (Figure 5.16), AZ2(GG4) (Figure 5.17) and G83I (Figure 5.12)
showed a great deal of statistical variation. Although each independent sample was inoculated with
approximately the same volume of IPTG solution, the statistical variation may be due to only a
small subset of cells being exposed to the very low concentrations of IPTG. Samples inoculated
with 0 mM IPTG (ddH2O only) have been excluded from the IPTG concentration curve due to the
log scale. All concentration curves were trimmed of data points where the corresponding averaged
protein concentration did not follow a linear fit.
By assuming a simple monomer-dimer equilibrium between GALLEX chimera proteins the KappD
from the non-linear Hill fits of GpA (Figure 5.11) and G83I (Figure 5.11), were 5.42 µM and 21.7
µM, respectively. The ∆∆Gapp between the controls differ by 0.82 kcal mol−1 in favour of GpA.
Although this trend was in agreement with the earlier works of Finger et al., (33), their reported
KappD for GpA and G83I were 3.1 µM and 118 µM, respectively, a difference of 2.15 kcal mol
−1.
The KappD for the low complexity scaffold L17 (Figure 5.13) was 40.7 µM. Interestingly, after substi-
tuting two leucines for a GxxxG motif (Figure 5.14), the KappD increased to 64.5 µM. The ∆∆G
app
of self-association from L17 to L17(GG4) was -0.27 kcal mol−1. The free energy contribution
from a single glutamine residue on an L17 scaffold showed a decrease of 18.9 µM in disassociation
compared to L17, resulting in a ∆∆Gapp of 0.37 kcal mol−1. There was as little as -0.01 kcal mol−1
difference between L17L9Q and the G83I control.
The KappD for AZ2 was 16.11 µM, resulting in a ∆G
app of 2.44 kcal mol−1. Compared with the L17
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Figure 5.11: (A) Dimerisation of GpA transmembrane helix in a biological membrane. β-galactosidase activity (GALLEX
signal) was measured to IPTG concentration (log scale). Cell cultures induced with 0.1 mM and 0.005 mM IPTG were
removed. (B) Relative protein expression was resolved by immunoblotting western blots using anti-MBP and then
quantified through densitometric analysis.
low sequence complexity scaffold, there was a ∆∆Gapp of 0.55 kcal mol−1. A GxxxG motif on the
leucine face of AZ2 (Figure 5.17), drives self-association by 0.34 kcal mol−1, 0.17 kcal mol−1 more
than the basic AZ2 scaffold. This trend is in strong agreement with the standalone 10 µM IPTG
induced GALLEX assay. AZ2(GG4)A drives self-association by 0.09 kcal mol−1 compared to AZ2
(Figure 5.18).
Construct KappD (µM) ∆G
app (kcal/mol)
G83I 21.7 6.34
GpA 5.42 7.15
L17 40.7 5.97
L17(GG4) 64.5 5.69
L17L9Q 21.8 6.33
AZ2 16.11 6.51
AZ2(GG4)L 8.94 6.86
AZ2(GG4)A 13.9 6.60
Table 5.2: Self-association free energy of low complexity scaffolds in a biological membrane. The KappD is an apparent
disassociation constant from a simplified monomer-dimer equilibrium approximation.
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Figure 5.12: (A) Dimerisation of G83I transmembrane helix in a biological membrane. β-galactosidase activity (GALLEX
signal) was measured to IPTG concentration (log scale). Cell cultures induced with 0.01 mM and 0.005 mM IPTG
were removed. The error bars at 1 mM, 0.5 mM, 0.1 mM and 0.05 mM were small enough to exclude for clarity. (B)
Relative protein expression was resolved by immunoblotting western blots using anti-MBP and then quantified through
densitometric analysis.
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Figure 5.13: (A) Dimerisation of L17 transmembrane helix in a biological membrane. β-galactosidase activity (GALLEX
signal) was measured to IPTG concentration (log scale). The error bar at 1 mM were small enough to exclude for clarity.
(B) Relative protein expression was resolved by immunoblotting western blots using anti-MBP and then quantified
through densitometric analysis.
A
B
Figure 5.14: (A) Dimerisation of L17(GG4) transmembrane helix in a biological membrane. β-galactosidase activity
(GALLEX signal) was measured to IPTG concentration (log scale). Cell cultures induced with 0.1 mM and 0.001 mM
IPTG were removed. (B) Relative protein expression was resolved by immunoblotting western blots using anti-MBP and
then quantified through densitometric analysis.
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Figure 5.15: (A) Dimerisation of L17L9Q transmembrane helix in a biological membrane. β-galactosidase activity
(GALLEX signal) was measured to IPTG concentration (log scale). The error bar at 1 0.5 mM, 0.1 mM, and 0.05 mM
were small enough to exclude for clarity. (B) Relative protein expression was resolved by immunoblotting western blots
using anti-MBP and then quantified through densitometric analysis.
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Figure 5.16: (A) Dimerisation of AZ2 transmembrane helix in a biological membrane. β-galactosidase activity (GALLEX
signal) was measured to IPTG concentration (log scale). Cell cultures induced with 0.1 mM and 0.05 mM IPTG were
removed. The error bar at 1 mM and 0.5 mM were small enough to exclude for clarity. (B) Relative protein expression
was resolved by immunoblotting western blots using anti-MBP and then quantified through densitometric analysis.
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Figure 5.17: (A) Dimerisation of AZ2(GG4)L transmembrane helix in a biological membrane. β-galactosidase activity
(GALLEX signal) was measured to IPTG concentration (log scale). Cell culture induced with 0.0005 mM were removed.
The error bar at 1 mM, 0.5 mM, 0.1 mM, and 0.05 mM were small enough to exclude for clarity. (B) Relative protein
expression was resolved by immunoblotting western blots using anti-MBP and then quantified through densitometric
analysis.
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Figure 5.18: (A) Dimerisation of AZ2(GG4)A transmembrane helix in a biological membrane. Cell culture induced
with 0.5 mM abd 0.0001 were removed. The error bar at 0.1 mM, and 0.05 mM were small enough to exclude for
clarity. β-galactosidase activity (GALLEX signal) was measured to IPTG concentration (log scale). (B) Relative protein
expression was resolved by immunoblotting western blots using anti-MBP and then quantified through densitometric
analysis.
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5.4 Discussion
Semi-quantitative β-galactosidase measurements from a 10 µM IPTG induced GALLEX assay
were used to measure the propensity for self-association of low complexity scaffolds. Well-known
helix-helix interaction motifs were then incorporated into these low sequence complexity scaffolds
to determine the contribution a motif makes during self-association. Single point mutations were
then made to the interaction motifs to determine whether an alternative binding interface existed to
compensate for disruption to the primary binding helix-helix interface. Relative free energy values
in a biological membrane were then calculated by extending the GALLEX assay to span a range of
IPTG concentrations.
This discussion looks at the data presented in this chapter from two different perspectives. The first,
how the low complexity scaffolds and inclusion of interaction motifs compare with relevant results
available in the literature. The second, how the semi-quantitative GALLEX results and apparent
relative free energy calculations can be used to generate a scaffold-motif map (see Figure 5.19).
If the inclusion of a motif encouraged self-association according to the 10 µM IPTG induced
standalone GALLEX assay then the result is represented by a green arrow. Changes, which
demonstrate a decrease in self-association is represented as a red arrow, and any change which is
statistically insignificant, is represented as a black arrow.
5.4.1 Polyleucine scaffolds
One-way ANOVA analysis of the low complexity scaffold L17 compared with the G83I negative
control suggests that statistically L17 forms a weaker oligomer. In addition, ∆∆Gapp of L17 is 0.38
kcal mol−1 in favour of G83I. Zhous et al., (230) used SDS-PAGE analysis to show that a twenty-
three long polyleucine peptide runs as a monomer in a detergent micelle. This was complemented
by TOXCAT analysis of a chimeric protein with a thirteen long polyleucine TM domain. The signal
was approximately 10% to 20% of a GpA control, a significantly lower signal than the L17 to GpA
signals reported in this study. On the other hand, the work of Herrmann et al., (79) reported that a
sixteen residue polyleucine TM domain of the TOXR chimera protein gave a signal approximately
40% to 50% of GpA. Although this is marginally stronger than L17 to the GpA control in this study,
both results could be classified as poor yet interacting dimers. Finally, further SDS-PAGE analysis
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of a twenty residue long polyleucine TM peptide by Ruan et al., (98) clearly indicates a monomer.
Given the similarities between the results recorded in this study and those reported in literature, a
polyleucine low complexity scaffold is considered to be predominately monomeric.
The incorporation of a GG4 interaction motif to the polyleucine low complexity scaffold was the
first of three L17 modifications. One-way ANOVA analysis indicate statistically similar GALLEX
signals between L17 and L17(GG4), yet the ∆∆Gapp is 0.27 kcal mol−1 weaker than the basic
polyleucine scaffold. SDS-PAGE analysis by Orzaez et al., (51) suggest that a seventeen residue long
polyleucine scaffold with a GG4 motif at the centre runs as a monomer. Their results compare well
with the results presented in this study. It is evident that GG4 does not promote self-association on
a polyleucine low complexity scaffold given the statistically equivalent signals between L17(GG4)
and the second modification, the single-point modification G11I. Double alanine mutations to
the TM domain of GpA by Doura and Fleming (48), found that GG4 mediated dimerisation was
sequence context dependent. Substituting G79 and G83 with leucine did not sufficiently reduce
dimerisation. Yet, the simultaneous mutations, L75A and T87A, result in GpA monomers. Therefore,
without long-range interactions (those over 12 Å), it was suggested that alone, GG4 is not sufficient
for dimerisation. In addition, TOXR activity assays of the GpA TM domain, found that L75, I76,
V80, V84, and T87 were required to assist GG4 mediated oligomerisation (24). The inclusion and
subsequent mutation of a GG4 in association with a polyleucine low complexity scaffold is depicted
in Figure 5.19 as two black arrows branching from L17.
The propensity for self-association maybe affected depending upon where a polar residue occurs in
a sequence (75). In the context of the polyleucine low complexity scaffold, helix-helix binding is
assumed to be non-specific. If a single polar residue is not affected by the native van der Waals
packing then it should be at the helix-helix interface, shielded from the low dielectric unfavourable
bilayer core. According to Dawson et al., (78), TOXCAT analysis demonstrated that the substitution
of a single glutamine in the tumour necrosis factor 5 (ligand) was enough to drastically disrupt
dimerisation. The third motif of the polyleucine low complexity scaffold in this study incorporates
the polar residue glutamine at its centre. The GALLEX analysis presented here indicate a marginal,
yet statistical significant increase in self-association compared with L17, with 0.37 kcal mol−1 in
favour of the glutamine substitution; however, compared with the G83I negative control, there is
almost no difference. Therefore, glutamine on a low complexity scaffold is not enough to show
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Figure 5.19: A thermodynamic ‘road map’, depicting how GG4 and polar residues contribute to the stability of two low
complexity scaffolds. The changes in free energy between structures are derived from those calculated in this chapter.
The colour of the arrows indicate how the motif contributes to self-association from the standalone 10 µM GALLEX
results. A green arrow suggests a favourable contribution to self association whilst a red arrow suggests a destabilising
contribution. A black arrow suggests no change.
strong associations between TM domains. The two most obvious reasons are: side-chain/side-chain
hydrogen bonds competing with alternative hydrogen bonds between side-chain and backbone
(231); or, the packing of neighbouring leucine side-chains prevents an ideal angle and distance
between the two glutamine side-chains (232, 233). Once the hydrogen bond moves beyond 2 Å it
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becomes a weak electrostatic interaction (78). With the supporting evidence from literature in mind,
a tentative positive enforcement to self-association is considered based purely on the ∆∆Gapp with
L17. This is depicted as a green arrow branching from L17 in Figure 5.19.
5.4.2 Alanine zipper scaffolds
The second low complexity scaffold in this study was the alanine zipper. One-way ANOVA analysis
of AZ2 according to the results of the 10 µM IPTG induced GALLEX signals clearly indicate that
AZ2 is a stronger oligomer than either the G83I negative control or the L17 low complexity scaffold
by as much as 0.17 kcal mol−1 and 0.55 kcal mol−1, respectively. The results presented in this study
coincide with reports from a POSSYCAT assay by Ridder et al., (104). They demonstrated that
their alanine zipper gave a signal twice that of a sixteen residue long polyleucine, and a signal 40 %
of GpA.
The suggestion that a single serine residue was incapable of promoting significant helix-helix
association was proposed by Gray and Matthews (234) and Ballesteros et al., (235). A single serine
would form an intrahelical hydrogen bond with the i − 3 or i − 4 carbonyl oxygen atom. The
formation of interhelical hydrogen bonds using a single serine would require the breaking of a
backbone hydrogen bond. After the TOXCAT analysis of a randomised library of TM domains,
Dawson et al., (71) suggested that the frequently occurring motifs SxxxSSxxT and SxxSSxxT
were the minimum requirements for any significant serine-based helix-helix association. The
results presented in this chapter based on two single point substitutions in an alanine zipper low
complexity background; L6S and L10S, suggests that serine stabilises self-association of an alanine
zipper. One-way ANOVA analysis of both serine substitutions results in a statistically significant
drop in GALLEX signal compared with the G83I control and native AZ2. Further still, the
GALLEX signal strength of AZ2L10S is comparable with the GALLEX signal strength of GpA.
The difference in the results presented here and the reports in literature may be the result of a more
sophisticated mechanism behind the involvement of serine in TM domain interactions. For example,
the involvement of serine in helix-helix interactions maybe sequence dependent. Based purely
on the GALLEX results, the inclusion of a serine residue onto an alanine zipper low complexity
scaffold is considered to stabilise helix-helix dimersation and is therefore depicted by a green arrow
from AZ2 in Figure 5.19.
136
The arrangement of polar residues at strategic sites of a heptad repeats sequence has been well
established (236, 237, 79, 69, 70, 75). However, the incorporation of a GG4 motif in the context of
an alanine zipper heptad repeat low complexity scaffold is less well established, more so in the case
of free energy calculations in a biological system.
Statistical analysis and TOXCAT analysis indicate that GG4 is one of the most over-represented pair
of residues and is a major interhelical packing motif (28). Most dimers containing a pair of GG4
motifs adopt a right-handed helix crossing angle (238, 239). Senes et al., (240) identified parallel
and anti-parallel left-handed coiled-coils stabilised by the packing of a GG4 motif. Left-handed
coiled-coils containing highly conserved glycine residues occur in the class II MHC α- and β-chains
as identified by Cosson and Bonifacino (241).
According to the 10 µM IPTG induced GALLEX results and the biological free energy calculations,
AZ2(GG4)L is by 0.35 kcal mol−1 in favour of self-associating compared with AZ2. The statistical
difference in GALLEX signals between a single glycine to isoluecine mutation of AZ2(GG4)L
reveals that a GG4 motif contributes to dimeric stability. Substitution of two alanine residues
with a GG4 motif (AZ2(GG4)A) was shown to significantly drive self-association according to
10 µM IPTG induced GALLEX assays. Free energy calculations was 0.9 kcal mol−1 in favour of
AZ2(GG4)A compared with the AZ2 low complexity scaffold and 0.55 kcal mol−1 compared with
AZ2(GG4)L. A green arrow from AZ2 in Figure 5.19 depicts both GG4 substitutions to the leucine
and alanine face of AZ2.
Residues with constrained side-chain orientations, such as the β-branched alanine, valine and
isoluecine are statistically more prevalent as neighbours to the GG4 motif (242). Although leucine
constitutes just under a quarter of the average compositions of a TM α-helix, being able to sample
more conformations, the γ-branched side-chain plays only a secondary role (28). Given that AZ2
adopts a left-handed helix crossing, and GG4 motifs are usually found in right-handed TM dimers,
the slight increase in helix-helix propensity between AZ2 and AZ2(GG4)L maybe indicative of
steric interference between glycines due to the entropic penalty of neighbouring leucine side-chains.
On the other hand, alanine side-chains (low on rotomeric entropic contributions) neighbouring a
GG4 motif (AZ2(GG4)A) may satisfy a right-handed helix cross maximising glycine van der Waals
packing.
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5.5 Conclusion
The standalone GALLEX results and calculation of apparent free energy in a biological system
are the first of their kind for these sequences (excluding the two controls). Although this is not
the first time a GG4 motif has been studied in the context of a coiled-coil, it is the first time to the
knowledge of the author that two different positions of the GG4 helix on an AZ2 low complexity
scaffold have been compared. These experiments suggest that very few single changes to a basic
polyleucine zipper can be made to encourage self-association. In addition, in the presence of a GG4,
the alanine zipper can be stabilised further by placing the motif in association with the alanine
face and that a single serine residue can encourage dimerisation. Finally, these results have been
used to begin a rational design schematic of changes to oligomerisation upon the modification of a
low complexity scaffolds. In the following chapter, the packing of side-chains and helix-to-helix
orientations are examined in order to complement and help explain the rational design.
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Chapter 6
Free energy of association of TM
peptides in a POPC bilayer:
comparison of coarse-grained and
united-atom force fields
6.1 Introduction
Biological membranes are complex, dynamic, and fundamental to cell physiology. The cell is
compartmentalised to maintain pH, and to permit selective transport of matter and energy between
compartments and the outside environment via a sophisticated array of transport mechanisms (243).
Local lipid arrangement is crucial to membrane-mediated protein-protein interactions (244, 245),
and is typically driven by a mismatch between the side chain polarity and the nonpolar lipid
environment. Differences between the hydrophobic length of the hydrophobic region of the TM
protein domain and the hydrophobic tail region of the bilayer is defined as: a negative mismatch,
where the hydrophobic span of the TM domain is shorter than the hydrophobic core of the bilayer;
and a positive mismatch, where the hydrophobic span is longer than the hydrophobic core of the
bilayer. In either case, the unfavourable contacts between TM domain and lipid can be satisfied
by rearrangement of the annular and nearby lipids or an adjustment to the TM domain itself. The
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negative mismatch, as illustrated in Figure 6.1, can be resolved by: (i) expelling part of or the
complete protein (178); (ii) adopting a nonlameller arrangement around the TM domain (246); (iii)
ordering of the alcyl tails of annular and nearby lipids (247, 248); and (iv) uncoiling or rearranging
TM domain interactions (247). There are also reports of polar side chains snorkelling (93, 247, 246).
The positive mismatch, as illustrated in Figure 6.2, can be resolved by: (i) expelling part of the TM
domain or the complete TM domain (247); (ii) tilting the TM domain to match polarity between side
chains and lipids (247, 249); (iii) ordering of the alcyl tails of annular and nearby lipids (247); and
(iv) adjusting the helical turn (for example, from an α-helix to a pi-helix) or rearranging interhelical
TM domain interactions (247).
(iv)
(i)
(ii)
(iii)
Figure 6.1: Negative hydrophobic mismatch between a bilayer and a dimer with a short hydrophobic stretch. The
bilayer and dimer can correct the mismatch in a number of ways: (i) expelling the dimer from the bilayer; (ii) forming a
nonlameller lipid environment; (iii) ordering the lipids along the hydrophobic stretch of the dimer; and (iv) rearranging
the dimer interactions. Image adapted from Kandasamy et al., (247).
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(iv)
(i)
(ii)
(iii)
Figure 6.2: Positive hydrophobic mismatch between a bilayer and a dimer with a long hydrophobic stretch. The bilayer
and dimer can correct the mismatch in a number of ways: (i) expelling the dimer from the bilayer; (ii) tilting the dimer;
(iii) ordering the lipids along the hydrophobic stretch of the dimer; and (iv) rearranging the dimer interactions. Image
adapted from Kandasamy et al., (247).
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In chapter 4, the free energy profile of two associating α-helical TM peptides demonstrated how the
ordering of annular and nearby lipids affected the convergence of the PMF profile. The original
publication of the Gromacs WHAM (198) code clearly illustrates a set of PMF profiles normalised
to 0 kJ mol−1 at the point at which each profile plateaus. This is a fundamental step in calculating
the difference in free energy between two systems. Both PMF profiles must be normalised to a
reference point where both profiles do not change (as seen in Figure 6.3 (C)). Failure to do so,
whether due to limitations of the system box and subsequent reaction coordinate, or naive truncation
of the reaction coordinate, can result in a biased comparison between free energy values.
Unexplored 
reaction coordinate!
Normalised at the 
helix-helix cut off 
(1.4-1.8 nm)!
Normalised when both 
profiles converge 
within error!
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B! C!
Lipid 
mediated 
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mediated 
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G(ξ) 
ξ 
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Figure 6.3: Typical PMF profiles of TM domain association. (A) Two PMF profiles before normalisation. (B)
Normalisation of the two profiles where G(ξ) has not plateued. (C) Normalisation well past the the point at which G(ξ)
has reached a plateau.
The technique of normalising PMF profiles has varied between computational studies. Dissipative
particle dynamics (DPD) simulations of a CG model protein in DMPC by Yiannourakou et al.,
(250) report an increase in free energy along an interhelical reaction coordinate within the short
range interaction potential cut-off. All PMF profiles were normalised to a reference point of 0 kJ
mol−1. A further DPD study of the model WALP23 peptide in a DPPC bilayer by Al-Lehyani et
al., (251) normalised PMF profiles to 0 kJ mol−1 at the furthest value along the reaction coordinate
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even though the PMF profile had not converged. Acknowledged in their own work, their study is
limited by the system box size. Normalisation of comparative PMF profiles at a distance along
an interhelical reaction coordinate as a response to a limited box size is also seen in the work of
Polyansky et al. (96). The interhelical PMF profiles of eighteen united-atom encoded TM dimers
were calculated across three different compositions of membrane bilayer. With an interhelical
reaction coordinate of only 20 Å, profiles were not normalised to a converged reference point.
The resulting ∆∆G between profiles may prove to be highly inaccurate given that the interhelical
reaction coordinate distance was too short to account for any lipid mediated long range interactions.
This chapter acts as a bridge between the PMF profiles of the united atom Neu simulations in
chapter 4 and the PMF profiles of the CG low complexity scaffolds in chapter 7. In the united-atom
case, PMF calculations of Neu and Neu* continued to demonstrate an increase in ∆G (Figures 4.4),
up to 6 nm along the interhelical reaction coordinate (Figures 4.9, 4.11, 4.10 and 4.12). The annular
and nearby lipids were shown to order due to the positive mismatch between peptide and bilayer.
The PMF profiles only converged once the set of ordered lipids surrounding each peptide were far
enough apart so as to introduce bulk lipids in between. On the other hand, the PMF profiles of
low complexity scaffolds (for example, Figures 7.1 and 7.11) clearly converge at a much shorter
distance along the interhelical reaction coordinate. In light of the difference between the PMF
profiles of the two force fields used in this study, and the reports in literature, it was of interest to
understand whether these differences were a consequence of: the model (CG vs united atom); the
TM domain sequence; or the TM domain length. The differences in free energy values and distance
of free energy convergence between CG and united atom models were tested by comparing CG
NeuWT PMF profiles from section 4.3.2. To reliably compare PMF profiles from NeuWT CG to
NeuWT united atom models, the structure of the idealised helical CG representation was optimised
by using the angle distributions from the united atom simulations of a single NeuWT peptide. The
monomeric NeuWT from the free energy calculations of chapter 4 was used. We did not generate a
united atom model of a monomeric AZ2 peptide in order to optimise the CG AZ2 structure. To test
the effects due to hydrophobic length, CG AZ2 dimers varying in hydrophobic varying between
22 to 32 hydrophobic residues were simulated in a CG POPC bilayer. This was tested further by
comparing the tilt angle and bilayer thickness of the CG NeuWT to the set of CG AZ2 dimers to
elicit potential changes to bilayer thickness mediated from the TM sequence.
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Figure 6.4: Final frame of a 500 ns simulation of a coarse-grain POPC lipid bilayer fully solvated in coarse-grain water
molecules (pink beads). Most of the water molecules were removed for clarity.
6.2 Simulation methodology
6.2.1 Force field parameters
The peptides, POPC lipids, water and counter-ions were modelled using the CG MARTINI force
field. A DPPC lipid was adjusted to incorporate the oleoyl carbon double bond as present in a
POPC lipid. The 51 atoms from a united atom POPC lipid were amalgamated into 13 CG beads.
All peptide models were built using the MARTINI toolkit (123). The hydrophobic TM domain
of the peptide was defined as α-helical. The last three residues at either terminus were defined as
a coil to simulate the non-helical secondary structure of the linker regions either side of the TM
domain of the GALLEX protein used elsewhere in this study. Counter-ions were used to neutralise
the charge on the arginine side chains.
6.2.2 Simulation parameters
Simulations were performed using Gromacs 4.5.5 (190). All bonds were constrained using the
LINCS algorithm (155) and a time step of 0.025 ps was employed. The temperature was maintained
at 323 K using the Berendesen thermostat (149) during the initial 50 ns equilibration before switch-
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ing to the Nosé-Hoover thermostat (150) for further equilibration and production runs. Previous
attempts at equilibrating the system using the Parrinello-Rahman pressure-coupling resulted in
uncontrolled oscillation of the unit cell. Therefore, the Berendsen barostat pressure-coupling (149)
scheme was used to maintain the pressure at 1 bar for an initial 50 ns equilibration before switching
to the Parrinello-Rahman pressure-coupling scheme (153) for production simulations. The pressure-
coupling was applied in a semi-isotropic manner, whereby the z-dimension of the simulation cell
(in the direction of the bilayer normal) was scaled independently from the xy dimensions (in the
plane of the bilayer). Long-range electrostatic interactions were treated using the particle mesh
Ewald approach (127) with a short-range cut off of 1.2 nm. Lennard-Jones interactions were cut off
at 1.2 nm and terminated by shifting the cut off to 0 kJ mol−1.
6.2.3 POPC lipid bilayer construction
A single CG POPC lipid was replicated two hundred times in the xy-dimension to form a monomer.
The second leaflet was constructed by copying the first and then inverting the structure. The
structure was solvated with 10764 MARTINI water molecules. The final structure was energy
minimised using the steepest descent algorithm (see section 2.4.1). To ensure the bilayer had
relaxed, the area-per-lipid, pressure and temperature were observed during a 200 ns simulation
using the simulation parameters outlined in section 6.2.2.
6.2.4 Insertion of dimers into a POPC lipid bilayer
Final frames from the prepared bilayer as described in section 6.2.3 were overlaid with a copy of the
AZ2 dimers as listed in Table 6.1. Dimers were orientated into a left-handed helix-helix crossing
angle before their centre of mass was positioned at the same central position of the POPC bilayer.
The CG homo-dimers were inserted into the equilibrated POPC bilayer using the InflateGro tool as
detailed in section 4.2.5. Once inserted, the system was left to equilibrate for a further 200 ns using
an NPT ensemble.
6.2.5 Umbrella sampling and free energy calculations
A reaction coordinate was defined between helices by applying a 0.001 kJ mol−1 pull force to
one helix in the x-dimension for 200 ns whilst restraining the second helix with 1000 kJ mol−1
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restraints on the backbone particles. Individual umbrella windows were generated from the steered
MD simulations every 0.5 Å along the reaction coordinate. An umbrella potential of 800 kJ
mol−1 was applied to the xy-lateral distance between the centre-of-mass of each helix. Each
umbrella simulation ran for 1 µs and data points were collected between 0.1 µs to 1 µs to generate a
PMF profile using WHAM (198). The quality of the reaction coordinate coverage was analysed
by sampling over increments of 0.1 µs of data points to check for PMF convergence. Bayesian
bootstrapping was used to calculate statistical uncertainty over 200 bootstrap iterations and the
average free energy was taken as the final result. The free energy profile was normalised to 0 kJ
mol−1 where there was no longer a change in free energy.
6.2.6 Optimisation of the NeuWT CG force field
A bond angle distribution is controlled by the force restraint. With a strong force restraint the bond
angle distribution is more frequent about its desired angle. Bond angle distributions can be captured
over the course of a simulation, and the standard deviation of the bond angle frequency can be used
to measure the effects a particular force constraint has on a bond angle. The CG MARTINI force
field for NeuWT was optimised to approximate the bond angle distributions produced from 50 ns
NPT simulations of a united atom representation of NeuWT using in-house software (designed and
developed by the author of this thesis) based on a Genetic Algorithm scheme (252). The angle
distributions from the united atom force field were used as a set of target bond angle distributions.
An initial population of 100 sets of pure CG MARTINI bond angles and force restraints inside the
forcefield input file were randomly perturbed by ±2◦ and 100 kJ mol−1, respectively. A complete
set of angles and force restraints is referred to as an individual. For each individual, an NPT
simulation was performed for 50 ns and a new set of angle distributions and standard deviations
were calculated. A cost function was assigned over the bond angle distributions, according to the
equation:
cost =
1
ng
ng∑
i=1
( 1
eq
)
tan(q), (6.1)
where ng represents the combined number of bond angles and force restraints per individuals, and:
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q = |gai − gei|, (6.2)
where gai represents the actual bond angle from the generated bond distribution as a result of the
simulations, and gei represents the united atom target bond angle. A score is assigned to each
individual according to the inverse of the cost:
f itness =
1
score
(6.3)
The individual with the most desirable set of bond angle values will have the highest f itness score
amongst the population. In order to refine the bond angle values further, the fittest 25 individuals
were retained. The remaining population is arranged into pairs. Each pair of individuals is split in
two at a random within both individual sets. Their content is then switched resulting in two new
individuals. This is commonly referred to as crossover. After the depleted population had been
restored, each bond angle and standard deviation was perturbed 25% from the desired values on
a probability of 0.05 %. This technique is commonly referred to as a mutation operation, and is
used to present variation in the otherwise limited search space. Given the new population of bond
angle and force restraints, a further round of 50 ns NPT simulations are performed. The fitness is
recalculated, weak individual are discarded and the fitter individual are retained to generate a new
population. This continued until 10 successive populations continued to yield 25 individual whose
total fitness only deviated by 2 %. The fittest individual from the final population is used to perform
a 500 ns NPT simulation.
6.3 Results
6.3.1 Optimisation of the NeuWT CG force field
The complete set of bond angles were obtained from a 500 ns non-optimised MARTINI model
simulation, the united atom model simulation, and the optimised MARTINI model simulation,
notably: 31 backbone-backbone-backbone angles (Figure 6.5 (A)); 9 backbone-side chain-side
chain angles (Figure 6.5 (B)); 9 backbone-backbone-side chain angles (Figure 6.5 (C)); and 24
backbone-backbone-backbone-backbone dihedral angles (Figure 6.5 (D)). The recorded angle
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distributions suggest that the initial CG representation of the NeuWT peptide does not approximate
the angle distributions obtained from the united atom reference simulation in almost every case.
The angle distributions from the simulation using the optimised MARTINI force field yields an
accurate representation of the angle distributions from the simulations using the united atom force
field.
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Figure 6.5: Comparison between the bond angle distributions of the force fields: MARTINIC CG; united atom;
and optimised CG. (A) Backbone-backbone-backbone angle distributions, (B) backbone-side chain-side chain angle
distributions, (C) backbone-backbone-side chain angle distributions, and (D) backbone-backbone-backbone-backbone
proper dihedral angle distributions. The standard deviation represents the flexibility in the distribution of each angle.
6.3.2 Free energy of association between alanine zippers of varying hydrophobic
lengths
PMF profiles of AZ222, AZ232 and NeuWT were calculated using umbrella sampling and WHAM.
Helices were separated by 4 nm along an xy-plane interhelical reaction coordinate. Histograms
constructed from 0.1 µs to 1 µs of umbrella sampling data points, as seen in Figures 6.6 (A), 6.7
(A), and 6.8 (A), showed adequate overlap between histograms.
Final 0.1 µs to 1 µs PMF profiles were checked for sufficient sampling by constructing a series of
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incremental profiles starting from 0.1 µs. As seen in Figures 6.6 (B), 6.7 (B), and 6.8 (B), final 0.1µs
to 1 µs profiles either converged beside incremental PMF profiles, or fell between the profiles of
two previous PMF profiles. Both would suggest that the umbrella window trajectories had sampled
enough data points across the reaction coordinate.
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Figure 6.6: A) Umbrella sampling histogram coverage along an interhelical distance reaction coordinate and (A) block
averaging PMF profiles, of AZ222.
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Figure 6.7: (A) Umbrella sampling histogram coverage along an interhelical distance reaction coordinate and (A) block
averaging PMF profiles, of AZ232..
As shown in Figure 6.9, The free energy of self association is approximately -26.5 kJ mol−1 at 0.85
nm and -28 kJ mol−1 at 0.9 nm for AZ222 and AZ232, respectively. Both AZ222 and AZ232 PMF
profiles converge between 2 nm and 2.5 nm along the interhelical reaction coordinate. The free
energy of self association of NeuWT is approximately -41.5 kJ mol−1 at 0.72 nm along the reaction
coordinate. There is a local minima 1.15 nm along the reaction coordinate, with a free energy -37 kJ
mol−1. The NeuWT PMF profile converges 2.75 nm along the interhelical reaction coordinate. This
is, at most, 0.75 nm further along the reaction coordinate than either AZ2 PMF profiles. All three
PMF profiles remain within error for the remainder of the reaction coordinate after convergence.
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Figure 6.8: A) Umbrella sampling histogram coverage along an interhelical distance reaction coordinate and (A) block
averaging PMF profiles, of NeuWT.
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Figure 6.9: The potential mean force profile along an interhelical distance reaction coordinate for the TM domains
AZ222, AZ232. and NeuWT. PMF profiles were normalised to 0 kJ mol−1 at a reaction coordinate value of 2.7 nm.
6.3.3 Bilayer thickness of a CG POPC lipid bilayer
The average bilayer thickness in the absence of TM proteins was calculated from a 500 ns NPT
ensemble production run using the GridMAT-MD tool as previously parameterised in section 4.3.1.1.
The average bilayer thickness between opposite leaflet CG phosphate groups can be seen in
Figure 6.10. The standard deviation represents the fluctuations in the bilayer. The overall average
bilayer thickness was approximately 4.21 ± 0.28 nm, with very little in the way of observable
fluctuations in thickness or excessive curvature. The area per lipid of bulk POPC was 67.96 ± 0.71
Å2, which compares well with experimental approximations (253).
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Figure 6.10: (A) Average CG POPC bilayer thickness over a 500 ns NPT production run. (B) Standard deviation of the
bilayer thickness reported at each grid-square.
6.3.4 Bilayer thickness and area per lipid of mediated through hydrophobic TM
domain length
Each CG AZ2 dimer and NeuWT dimer was inserted into a CG POPC lipid bilayer and left to
equilibrate as described in section 6.2.4. The simulation time was sufficient to capture bilayer
physiological effects and changes to dimer orientation. During the course of the simulation, each
set of helical TM peptides remained dimeric and were not expelled from the bilayer. The bilayer
thickness was calculated as per section 4.3.1.1 and are presented along with the final frame from
each trajectory (Figure 6.11). An overall average of the bilayer thickness is presented in Table 6.1.
The presence of an AZ222 dimer results in periodic curvature to the bilayer either side of the dimer
(Figure 6.11 (A)). However, the standard deviation of bilayer thickness (Figure 6.13) would suggest
that the observed curvature in addition to the average bilayer thickness of all CG simulations were
statistically insignificant. Further to this point, the bilayer thickness of AZ224, AZ226 and AZ232
were approximately 4.3 to 4.4 nm, and AZ228 and AZ230 were approximately 4.1 to 4.35 nm,
and the standard deviation would suggest that the bilayer thickness values were not statistically
significant.
Projection of the bilayer average onto the bilayer length (Figure 6.13), clearly suggests that there is
no statistical difference between the bilayer thickness in the presence of any AZ2 dimers. Neither
is there a significant difference between the bilayer thickness of each system and the bulk POPC
bilayer thickness. The introduction of a NeuWT dimer into a POPC bilayer resulted a drop to the
average bilayer thickness compared with the bilayer thickness of bulk POPC. However, not only
was the bilayer thickness statistically equivalent across the whole bilayer (Figure 6.12 (A) and (B)),
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but it was comparable to the bilayer thickness results of all AZ2 system. This suggests that the
change in difference in TM sequence failed to induce a change to the bilayer structure, and that
the combined hydrophobic length of the NeuWT dimer along with its sequence did not cause a
difference to the thickness of lipids far from the dimer.
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Figure 6.11: Final frame representation of a 500 ns POPC with an AZ2 dimer varying in TM domain length along with
an average bilayer thickness surface plot. (A) AZ222, (B) AZ224, (C) AZ226, (D) AZ228, (E) AZ230, and (F) AZ232.
Figure (E) was captured along the adjacent orientations to the remaining figures so as to capture the effects to the dimer
tilt angle.
6.3.5 Tilt angle mediated through hydrophobic TM domain length
The average hydrophobic span of the AZ2 dimer increases as the heptad repeat sequences is
extended with additional alanine/leucine residues. The fluctuating hydrophobic lengths of each
dimer (Figure 6.14 and Figure 6.15), calculated as the average distance between the first and last
hydrophobic residue across both helices, are due to very small adjustments to their helix-helix
packing alignment. In addition, given that the MARTINI forcefield prevents the peptides from a
protein’s secondary structure, a large change to the dimer hydrophobic length would not have been
expected.
As the hydrophobic length of the TM dimer is increased, it was expected that eventually the
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Figure 6.12: (A) Averaged CG POPC bilayer thickness in the presence of a CG NeuWT dimer. (B) Snapshot of the final
frame from a 500 ns simulation of CG NeuWT dimer in POPC. The red residues signify the hydrophobic peptide span
measured from F658 to I680. Hydrophilic at both ends are represented in yellow. Water has been removed for clarity.
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Figure 6.13: Cross sectional averaged bilayer thickness calculated across the length of the bilayer. Error bars represent
standard deviation.
relationship between dimer and bilayer would experience a positive hydrophobic mismatch resulting
in an adjustment to the dimer tilt angle (Figure 6.2 (B)). The angle between the principle axis
of a dimer and the bilayer normal was calculated from the recorded trajectories. As surmised in
Table 6.1, and given as a frequency distribution (Figure 6.16), the first four AZ2 dimers: AZ222;
AZ224; AZ226; and AZ228, return very similar dimer tilt angles within error, between 9.15◦ to
11.51◦. The hydrophobic span of these dimers is between 2.42 nm to 3.46 nm (see Figure 6.14),
which falls shorts of a bulk POPC average bilayer thickness of 4.21 nm ± 0.28 nm.
There is a slight increase in tilt angle of AZ230, reporting an average of 14.79◦ ± 7.23◦. The
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Figure 6.14: Averaged AZ2 dimer hydrophobic lengths as a function of time. The average hydrophobic length increases
as additional hydrophobic residues are included.
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Figure 6.15: NeuWT dimer hydrophobic length across a 500 ns production simulation..
hydrophobic span of the AZ232 dimer, at 4.1 ± 0.1 nm, is within reach of the hydrophilic lipid head
group of bulk POPC. Given this increase in hydrophobic length, it is not surprising to find that
AZ232 returned an average tilt angle of approximately 26± 7◦. It is surprising, however, that the
bilayer did not increase in thickness as it had been observed from the united atom simulations of
Neu in section 4.3.3.
The hydrophobic span of the NeuWT dimer was along the average length of 24 hydrophobic residues,
sharing the same number of hydrophobic residues as AZ230. However, due to the difference in
helical turn due to the inclusion of a large number of valine side chains, NeuWT is approximately
0.44 nm longer in the dimeric hydrophobic length. With the increase in hydrophobic span, it is of
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Figure 6.16: AZ222 through to AZ232 dimer tilt angle across 500 ns production simulations.
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Figure 6.17: NeuWT dimer tilt angle across a 500 ns production simulation.
no surprise that NeuWT adopts a greater dimer tilt angle than AZ230. NeuWT, although shorter in
hydrophobic residues, is more comparable in hydrophobic length to AZ232, seemingly adopting a
similar dimer tilt angle of approximately 26◦ within error.
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6.4 Discussion
The aim of this chapter was to determine whether a CG TM dimer embedded in a CG POPC bilayer
could reproduce the hydrophobic mismatch between bilayer and peptide as seen in the united atom
PMF profiles of Neu, in chapter 4. This study used a set of CG low complexity scaffolds (the
heptad sequence AZ2 from chapter 7), varying in hydrophobic length, and a CG NeuWT dimer.
To begin with, the bond angle distributions from a 500 ns MD simulation of a MARTINI force
field parameterisation of NeuWT using the NPT ensemble, did not compare well to the bond angle
distributions of a single NeuWT united atom simulation. Therefore, the force field for the CG NeuWT
peptide was optimised by iteratively adjusting the bond angles and force constraints using a Genetic
Algorithm.
Using the optimised NeuWT structure and the AZ2 dimers, bilayer thickness, dimer tilt angle and
dimer hydrophobic length were calculated. To compare the affects on PMF calculations, umbrella
sampling was performed on the dimer with the shortest and longest hydrophobic length, AZ222
and AZ232, respectively, and on the NeuWT dimer. Neither topological or cross-sectional averaging
of the bilayer thickness over the 500 ns MD simulations of AZ2 and NeuWT dimers presented a
discernible trend in changes to the bilayer thickness as a function of dimer hydrophobic length.
The reported average thickness of AZ224, AZ226, and AZ232 returned a relatively even average
bilayer thickness of approximately 4.3 nm to 4.4 nm. Taking into account the effects of a periodic
simulation cell, AZ228 and AZ230 form a depression across the length of the unit cell, and at least
half as wide. There is a clear difference between the depression and the elevated bilayer regions
of approximately 4.15 nm to 4.4 nm, with the dimer positioned within the depression. AZ222 on
the other hand, clearly demonstrate a depression in two regions of the bilayer, either side of the
dimer. This would suggest, that the length of the AZ222 hydrophobic TM dimer region were within
negative hydrophobic mismatch of the hydrophobic region of the lipid bilayer, a consequence of
the three hydrophilic residues either end of each peptide coming into contact with the lipid tails.
Interestingly, the average cross-sectional bilayer thickness of the NeuWT system was less than
AZ222, even though the NeuWT hydrophobic span of residues was longer. Unfortunately, unlike
the united atom Neu simulations in chapter 4, none of the bilayer thickness calculations were
statistically significant, in either topological or cross-sectional form, implying that the selected
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range of hydrophobic dimers were no noticeable affect on the bilayer thickness. Earlier work on
lipid bilayer perturbation from the presence of TM domain peptides and nano-structures were
investigated to determine whether the work in this study was an isolated case. According to Nielsen
et al., (254), using a pre-MARTINI CG force field representation to parameterise a hydrophobic
nanotube in a DMPC bilayer they investigated the alleviation to hydrophobic mismatch as a function
of nanotube width. Interestingly, they were able to capture changes to the bilayer thickness as a
function of distance from the centre of mass of the nano tube as the width of the nanotube was
increased. Venturoli et al (249), were also able to capture changes to bilayer thickness around a
hydrophobic peptide in a mesoscopic scaled system.
In addition to a change in the bilayer thickness, the dimer can adjust by increasing or decreasing the
dimeric tilt angle. Nielsen et al., (254) concluded that a narrow hydrophobic TM structure would
alleviate hydrophobic mismatch mainly through altering their tilt angle, with a slight swelling to
the neighbouring bilayer region as the TM structure for very long TM structures. As the width
of a TM structure increased, there was less of a change to the tilt angle and more of a thickening
of the local lipid regions. Venturoli et al (249) hypothesised that wide TM nano-structures relied
on deformation to the bilayer as tilting was energetically unfavourable compared to the energetic
expense to bilayer changes. Figure 6.18 compares the dimer tilt angle with the dimer hydrophobic
length of the AZ2 dimers from this study. It is clear that the hydrophobic length of AZ222 to AZ228
does not significantly change the tilt angle. However, the average tilt angle of AZ230 shows an
average tilt angle increase, and finally AZ232 shows a statistical significant increase in tilt angle.
The tilt angle of CG NeuWT was 27◦ ± 8◦, very similar to the tilt angle of AZ232. This was expected
given the similarity between their hydrophobic lengths. It was clear from careful observation of the
CG NeuWT trajectory that the peptides formed a dimer with the I659xxxV663 interaction motif at the
helix-helix interface. A direct comparison between the CG and united atom tilt angles is difficult to
make. Given that the united atom simulations were restrained using an umbrella potential along
a reaction coordinate and the simulation time was 40 ns, the CG simulation may have found an
alternative free energy minimum in the simulation time given. In addition, the united atom NeuIV
yields a left handed helix-helix crossing angle at the global free energy minimum, where as the CG
Neu helix-helix crossing angle is close to perpendicular. The orientation of a helix-helix crossing
angle can significantly affect the free energy of TM dimer self-association as the range of enthalpic
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Figure 6.18: CG AZ2 tilt angle as a function of dimer hydrophobic length.
contributions from side chains would vary (8).
The average global free energy minimum of CG NeuWT was -41 kJ mol−1, which is in close
agreement with the free energy of self-association of CG ErbB-2 by Prasanna et al (216). In
addition, their PMF profile converged at a reaction coordinate value of 2.2 nm, which is in very
good agreement with the CG NeuWT PMF profiles presented in this study. The PMF profiles of
CG NeuWT compared with the two AZ2 dimers would suggest that the location of the free energy
plateau is to a degree, sequence dependent given the similarity to the hydrophobic length and tilt
angle of AZ232. When compared with the united atom PMF profile, as seen in Figure 6.19, the
plateau of the CG NeuWT starts considerably earlier, by as much as 4.2 nm along the reaction
coordinate, compared with the united atom simulation. There is an approximate difference in free
energy of self-association by 67 kJ mol−1 between CG Neu and the united atom NeuIV PMF profiles.
We believe that this difference is due to the limited changes to the bilayer which mediate the long
range effects seen in the chapter 4.
6.5 Conclusion
According to the lack of significant change to the bilayer thickness of the simulations presented
in this chapter, the MARTINI CG model does not accurately simulate the changes to the bilayer
thickness in the presence of a Neu homodimer as seen in the earlier united atom representation
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Figure 6.19: NeuWT coarse-grain (CG) and united atom (UA) PMF profiles. Complete profiles were normalised to 0 kJ
mol−1 at the location in where they began to converge.
(chapter 4). This may be due to a significant reduction in the number of degrees of freedom in the
lipid CG model. However, the changes to the CG AZ2 dimer tilt angles as a function of hydrophobic
length does suggest that the CG simulations are modelling a degree of hydrophobic mismatch even
though changes to the bilayer thickness were not reported. It is for this reason why we believe
that the PMF profiles of CG TM dimers in this study are converging by as much as 4.2 nm earlier
than the united atom PMF calculations. However, as presented in the discussion, there is sufficient
evidence in the literature to suggest a CG model can capture deformation to the bilayer providing
the length and/or width of the TM structure is sufficient enough. A final step would be to perform
similar simulations over a variety of CG force fields, which were not included in this study.
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Table 6.1: Bulk POPC, AZ2 and NeuWT sequences, dimer hydrophobic length, dimer tilt angle, area per lipid and bilayer
thickness. Standard deviation was used to calculate error.
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Chapter 7
Molecular Dynamics simulations of low
complexity TM domains
7.1 Introduction
The propensity for self-association between a set of low complexity scaffold TM domains before
and after substitution with a helix-helix interaction motif was presented in chapter 5. In addition,
a simplified monomer-dimer equilibria model was used to elicit the Gibbs free energy of TM
domain oligomerisation in a biological context. The results so far present vital information on how
these low complexity scaffold sequences behave in vivo. Unfortunately, beyond identifying which
amino acid substitutions play a key role towards oligomerisation, it is not possible to analyse the
relationship between structure and function from this data alone. Therefore, this chapter presents
a computational approach to complement the aforementioned in vivo GALLEX results with free
energy calculations, and interhelical side chain interaction analysis. There are three computational
approaches taken in this study, a CG MD simulation, an atomistic conformational search using
short MD steps, and a united-atom unrestrained MD simulation. Each approach is described below.
Firstly, low complexity scaffold TM domains described in section 5.1.1 were modelled using the
CG Martini force field (123). Two helices of seventeen residues, capped with three residues at
either terminal to model the hydrophilic GALLEX chimera linker regions, were embedded in a
fully solvated CG POPC lipid bilayer. A POPC bilayer was selected, as its structural properties
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have been parameterised well (194), with a bilayer thickness (37.9 Å) similar to the thickness of
the E. coli inner membrane (195), enabling a comparison to out earlier in vivo studies. Umbrella
sampling was performed along an interhelical reaction coordinate along the xy-dimension parallel
to the bilayer and a PMF profile was constructed using the WHAM (198). The monomer-dimer
equilibrium model of the GALLEX free energy calculations in a biological environment, see
section 5.3.3, is a simplified model of what in truth is a multitude of equilibria as a result of a
host of non-specific biological interactions between the TM protein of interest and other biological
molecules. Therefore, a direct comparison between computational and experimentally obtained
free energy calculations cannot be made. Yet, a comparison across the rank order of free energy
calculations is still possible with the assumption that growth conditions of every cell sample were
identical.
Secondly, to accompany the CG simulations, a conformational search of atomistic dimers in a
low dielectric implicit environment was modelled using the CHI algorithm. Structures within a
set RMSD were grouped into clusters. Although anisotropic characteristics of an explicit bilayer
are absent, interaction energies of interhelical side chain interactions and side chain-implicit
environment interactions can yield probably structures. In addition, unlike the CG model, an
averaged structure from an identified cluster can model potential hydrogen bonds.
The trajectory pertaining to the global free energy minimum of self-association per low complexity
scaffold was identified by calculating the average xy-planar distance between the centre of mass
of each helix with the location of the global free energy minimum on the reaction coordinate.
The protein atoms from the identified trajectory were subjected to single-linkage cluster analysis
in order to establish the most prevalent oligomeric structure and helix-helix crossing orientation.
Clusters from the CG low energy model and CHI conformational searches were used to construct a
thermodynamic and structural pathway (see Figure 7.43): an extension to the pathway presented in
the discussion of chapter 5.
Finally, the GALLEX analysis presented in chapter 5 suggests that a single serine residue in the
context of a low complexity AZ2 sequence stabilises oligomerisation. On the other hand, Gray and
Matthews (234) along with Ballesteros (235) suggested that a single serine residue would form
an intrahelical hydrogen bond, contributing less to oligomerisation than one would expect from a
polar residue towards the centre of the bilayer core. Therefore to probe this result further, initial
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structures of AZ2, AZ2L6S and AZ2L10S TM domains plus linker regions were built using the
CHI algorithm and not subjected to a conformation search. Each atomistic dimeric structure was
then converted into a united atom representation and inserted into a fully hydrated POPC bilayer.
United atom simulations were performed in an NPT ensemble and the orientation of the serine
side-chains were monitored along with the helix-helix crossing angle.
The single point glycine to isoleucine substitutions of L17(GG4), AZ2(GG4)L, and AZ2(GG4)A
were not modelled. Their sole purpose had been to confirm the in vivo contribution GG4 made to
oligomerisation.
7.2 Simulation methods
The CG, CHI conformation search and united atom simulation parameters are largely identical to
those presented in chapters 4 and 6, unless otherwise stated.
7.2.1 Coarse grained simulation configuration
CG free energy simulations were performed on low complexity scaffold pairs: L17; L17(GG4);
L17L9Q; AZ2, AZ2(GG4)L; and AZ2(GG4)A.
7.2.1.1 Force field parameters
CG force field parameters were set to those previously defined in section 6.2.1. TM peptide
sequences were seventeen residues in length (Table 7.1).
7.2.1.2 Simulation parameters
The temperature was set to 298 K to match the laboratory conditions of the assays presented in
chapter 5. All other parameters are identical to those previously defined in section 6.2.2.
7.2.1.3 POPC bilayer construction
The construction of the POPC bilayer was the same as previously defined in section 6.2.3.
7.2.1.4 Insertion of dimers into a POPC bilayer
Dimers were inserted into pre-equilibrated POPC bilayers as previously defined in section 6.2.4
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7.2.1.5 Umbrella sampling and free energy calculations
Umbrella sampling along an interhelical centre-of-mass reaction coordinate was identical as
previously defined in section 6.2.5. CG PMF profiles of TM domain association converged between
2 nm to 2.3 nm along the reaction coordinate, therefore, umbrella windows were only defined up to
2.5 nm of the reaction coordinate. All PMF profiles were normalised to 0 kJ mol−1 at 2.3 nm. The
harmonic potential applied to each umbrella windows was set to 1000 kJ mol−1, yet in some cases
it was reduced to 800 kJ mol−1 for additional umbrella windows. This ensured sufficient coverage
of the reaction coordinate and overlap between neighbouring distributions.
7.2.1.6 Single-linkage cluster analysis
Single-linkage cluster analysis was performed over the trajectory that best matched the CG global
free energy minimum. The first structure from each cluster was used as a representative structure.
Each dimeric structure from a single time frame begins as its own cluster. Clusters are then
iteratively joined to form larger clusters providing the RMSD between clusters is below 0.5 Å.
This technique yields at most the same number of clusters as there are time frames (4000 per
umbrella window simulation). Initial analysis yielded single-member clusters if the RMSD cut-off
was below 5 Å. Clusters were identified for further analysis providing the cluster had a population
of ten or more structures. This minimum cluster population was selected due to the propensity
for single-linkage cluster analysis in this study to form a small number of very dominant clusters.
Identifying clusters by using a smaller population cut off enables a better representation of the
whole trajectory. The population in each identified cluster was reported as a percentage of the whole
trajectory.
7.2.2 CHI conformational search
Unless otherwise stated, the centre-of-mass interhelical distance was set to 1.0 nm. The helices
were rotated from 0◦ to 360◦ in increments of 30◦. The cut off for the root mean squared difference
between candidate structures was 0.1 nm. Up to eight structures within this cut off constitute a
complete cluster. The atomistic positions of each member of the cluster are then averaged to yield a
potential starting configuration for further MD simulations. All remaining parameters are identical
to those defined in section 4.2.3. The initial dimer crossing angle, although not restrained by a
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potential energy penalty, is very unlikely to adopt a statistically significant difference between
clusters given the very short MD run-time provided per conformational sequence. Therefore,
besides noting the dimer crossing angle orientation, the final angle is not taken into consideration.
7.2.3 United atom simulation configuration
MD simulations were performed on low complexity scaffold dimers AZ2, AZ2L6S and AZ2L10S.
7.2.3.1 Force field parameters
United atom force field parameters were set to those previously defined in section 4.2.1.
7.2.3.2 Simulation parameters
The temperature was set to 298 K to match the laboratory conditions of the assays presented in
chapter 5. All other parameters are identical to those previously defined in section 4.2.2.
7.2.3.3 POPC bilayer construction
A POPC bilayer was constructed as per section 4.2.4, although, as umbrella sampling was not
performed, the bilayer was reduced to 200 lipids and 11882 SPC water molecules.
7.2.3.4 Generation of initial configurations of the AZ2, AZ2L6S and AZ2L10S dimers
Initial configurations of AZ2, AZ2L6S and AZ2L10S were generated by subjecting each sequence
to a global conformation search as defined in section 7.2.2. With a pKa of 12.48, arginine was left
charged in the presence of a membrane bilayer (255).
7.2.3.5 Insertion of dimers into a POPC bilayer
Dimers were inserted into pre-equilibrated POPC bilayers as previously defined in section 4.2.5.
7.2.3.6 Equilibration procedure
Dimers in POPC bilayers were equilibrated as previously explained in section 4.2.6, although each
equilibration step was reduced to 5 ns, totalling 20 ns of equilibration time. The area-per-lipid of
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the POPC bilayer was monitored during the equilibration process. Analysis was performed over a
40 ns unrestrained production runs using the NPT ensemble.
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Table 7.1: TM domain sequences of low complexity scaffolds with additional motifs. The sequences are aligned to the
heptad repeat schematic a b c d e f g, where red denotes the primary interface for the scaffold, and blue represents the
secondary binding interface.
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7.3 Results
7.3.1 CG low complexity scaffold free energy of self-association
7.3.1.1 L17
Umbrella sampling of L17 revealed a global free energy minimum of approximately -16.75 kJ mol−1
located 0.95 nm along the interhelical reaction coordinate (Figure 7.1). Histogram analysis and
profiles built from 0.1 µs increments of data points (Figure 7.2) demonstrate a consistent overlap
between neighbouring histograms and a converging PMF profile. The final PMF profile (0.1 µs–
1 µs) resulted in a global free energy minimum which failed to overlap previous additive time
series PMF profiles, yet the reported error would suggest that further sampling may not lead to a
significant adjustment to the free energy minimum. The smaller histograms seen in Figure 7.2 (A),
were additional umbrella windows of 200 ns with a harmonic potential of 800 kJ mol−1. They were
used to ensure adequate coverage of the reaction coordinate and overlap between neighbouring
histograms. It turns out, however, that the initial 1 µs umbrella window simulations provided
adequate sampling without the additional histogram windows. They have been included in the final
PMF profile even though their absence is indifferent to the final result. The difference of 1.7 nm of
umbrella windows along the reaction coordinate between PMF profile and histogram analysis was
not included in the final PMF output of Figure 7.1 as the PMF profile began to converge within
2.3 nm. The trajectory that best matched the location of the global free energy minimum returned
two clusters. Of the trajectory, 95% of the recorded time-frames were within the 0.5 Å RMSD
cluster cut off (Figure 7.3 (A)). Only one other cluster was identified although the number of
matching frames only constituted approximately 0.87% of the total trajectory (Figure 7.3 (B)). Both
clusters were made from structures with a left-handed helix-helix crossing orientation.
A conformational atomistic search using CHI returned six clusters (Figure 7.4). The averaged
structures A-F clearly show a series of left-handed helix-helix crossing orientations with leucine
side chains stacking one above the other along the length of the helix-helix interface. Although
a polyleucine sequence would suggest non-specific binding, experimental reports indicate that a
polyleucine sequence adopts a small left-handed helix-helix crossing angle due to conformational
restrictions from leucine side chain rotomeric entropic restrictions (54).
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Figure 7.1: L17 PMF profile of self-association. Error was estimated over 200 bootstrap iterations. The global free
energy minimum is estimated to be -16.75 kJ mol−1, located 0.95 nm along the interhelical reaction coordinate.
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Figure 7.2: (A) L17 umbrella sampling histogram coverage along the interhelical reaction coordinate. (B) L17 converging
PMF profiles from 0.1 µs to 1 µs in 0.1 µs increments.
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Figure 7.3: Each representative structure (A and B) from clusters with more than 10 structures from the CG trajectory
pertaining to lowest free energy of L17 form a left-handed helix-helix crossing orientation. Glycine green, leucine blue,
serine purple, tyrosine mauve, and arginine white.
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Figure 7.4: Average structures from the six identified clusters from an atomistic conformational search of L17 using CHI.
Averaged structures A-F are left handed helix-helix dimers. For clarity, only the leucines at the helix-helix interface are
shown in blue space filling sphere.
The CHI interaction energies of each averaged structure are presented in Figure 7.5 along with the
total interaction interaction energy value. Interaction energy profile F presents the structure with
the highest interaction energetics contributed from packed side chains. The helix-helix energetic
contributions arise from the interacting side chains xxxxxLxxxLxxLxxxLxxL. This sequence
matches a repeat of ‘a’ and ‘d’ sites on a coiled coil. Further more, the respective average structure
has a left handed dimer, indicative of most heptad repeat mediated dimers.
169
G S S L L L L L L L L L L L L L L L L L T S R
Residue
0
5
10
15
20
I n
t e
r a
c t i
o n
 E
n e
r g
y  (
k c
a l /
m
o l )
G S S L L L L L L L L L L L L L L L L L T S R
Residue
0
5
10
15
20
I n
t e
r a
c t i
o n
 E
n e
r g
y  (
k c
a l /
m
o l )
G S S L L L L L L L L L L L L L L L L L T S R
Residue
0
5
10
15
20
I n
t e
r a
c t i
o n
 E
n e
r g
y  (
k c
a l /
m
o l )
G S S L L L L L L L L L L L L L L L L L T S R
Residue
0
5
10
15
20
I n
t e
r a
c t i
o n
 E
n e
r g
y  (
k c
a l /
m
o l )
G S S L L L L L L L L L L L L L L L L L T S R
Residue
0
5
10
15
20
I n
t e
r a
c t i
o n
 E
n e
r g
y  (
k c
a l /
m
o l )
G S S L L L L L L L L L L L L L L L L L T S R
Residue
0
5
10
15
20
I n
t e
r a
c t i
o n
 E
n e
r g
y  (
k c
a l /
m
o l )
A!
Eint = 130.76 kcal mol-1!
B!
Eint = 107.1 kcal mol-1!
C!
Eint = 131 kcal mol-1!
D!
Eint = 120.8 kcal mol-1!
E!
Eint = 133.16 kcal mol-1!
F!
Eint = 142.89 kcal mol-1!
   d      a     d       a    d   !
Figure 7.5: Atomistic L17 Interaction energies for matching structures in Figure 7.4. Eint indicates the total interaction
energy summed over both helices. Each helix is a separate line.
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7.3.1.2 L17(GG4)
Umbrella sampling of L17(GG4) revealed a single free energy minimum of approximately -
19.18 kJ mol1, located 0.85 nm along the interhelical reaction coordinate (Figure 7.6). Histogram
analysis (Figure 7.7 (A)) demonstrated significantly overlapping distributions across the entire
reaction coordinate and profiles built from 0.1 µs increments of data points (Figure 7.7 (B)) indicate
converged sampling. CG clusters isolated from the trajectory matching the location of the global free
energy minimum using a 0.5 Å RMS cut-off yielded right-handed helix-helix crossing orientations
(Figure 7.8 (A), (B), (B), and (E)) with the exception to one left-handed dimer (Figure 7.8 (D)).
In all but the left-handed structure, the GG4 interaction motif was found at least partially, if not
completely, buried at the helix-helix interface. The glycine residues in the right-handed cluster are
orientated out, towards the bilayer lipid chains.
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Figure 7.6: L17(GG4) PMF profile of self-association. Error was estimated over 200 bootstrap iterations. The global free
energy minimum is estimated to be -19.18 kJ mol−1, located 0.85 nm along the interhelical reaction coordinate.
A conformational atomistic search using the CHI algorithm returned five clusters, each containing
at least ten structures (Figure 7.9). An average structure from each cluster revealed that none
of the clusters were driven by the GG4 interaction motif, rather favouring a leucine side chain
packed arrangement. All five structures adopted a left-handed helix-helix crossing orientation,
indicative of a left handed heptad repeat. The CHI conformations do not compare well with the
CG representative structures found at the free energy minimum. CG structures demonstrate a
propensity for packing the GG4 motif into the helix-helix interface, whilst CHI conformations
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Figure 7.7: (A) L17(GG4) umbrella sampling histogram coverage of the interhelical reaction coordinate over 1 µs. (B)
L17(GG4) PMF profiles built from 0.1 µs increments of data points.
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Figure 7.8: Representative of L17(GG4) dimers from cluster analysis at the global free energy minimum found
approximately 0.85 nm along the interhelical reaction coordinate. (A) Right helix-helix cross, (B) right helix-helix cross,
(C) right helix-helix cross, (D) left helix-helix cross, and (E) right helix-helix cross. Glycine green, leucine blue, serine
purple, tyrosine mauve, and arginine white.
adopt a left handed orientation. Interaction energy profile E in Figure 7.10 yields the highest total
interaction energy, with both helices packing using an ‘a’ and ‘d’ repeat pattern. Only one GG4
motif marginally contributed to helix-helix packing. One could hypothesis that the a GG4 mediated
helix-helix interaction is favoured in an explicit bilayer due to the increase in the number of degrees
of freedom leucine side chains has over glycine when orientated into the bilayer core.
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Figure 7.9: Five average structures from from an atomistic conformational search of L17(GG4) using CHI. All structures
A-E were found to adopt a left helix-helix dimer. For clarity, only the leucines (blue) at the helix-helix interfaces are are
shown in space filling sphere in addition to glycines (green) of the GG4 motifs.
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Figure 7.10: Atomistic L17GG4 Interaction energies for matching structures in Figure 7.9. Eint indicates the total
interaction energy summed over both helices. Each helix is a separate line.
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7.3.1.3 L17L9Q
Umbrella sampling of L17L9Q dimers revealed two statistically similar free energy minima located
approximately 0.5 nm and 0.95 nm along the reaction coordinate with a value of -10.5 kJ mol−1
(Figure 7.11). There is a shallow local minimum located approximately 1.5 nm along the reaction
coordinate with a free energy value of -8.75 kJ mol−1. Due to insufficient sampling towards the
later half of the reaction coordinate, additional umbrella windows with umbrella restraints of
800 kJ mol−1 were set to run for 200 ns (see Figure 7.12 (A)). PMF profiles from 0.1 µs increments
of data points (Figure 7.12 (B)) suggest that the PMF profile began to converge after 0.7 µs.
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Figure 7.11: L17L9Q PMF profile of self-association. Error was estimated over 200 bootstrap iterations. The global free
energy minimum is estimated to be -10.5 kJ mol−1, located 0.95 nm along the interhelical reaction coordinate. There are
in total three energy minima.
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Figure 7.12: (A) L17L9Q umbrella sampling histogram coverage of the interhelical reaction coordinate. (B) L17L9Q
converging PMF profiles.
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Trajectories from both statistically equivalent free energy minima (0.5 nm and 0.95 nm) were
subjected to cluster analysis with an RMSD cut-off of 0.5 Å. The trajectory pertaining to the
free energy minimum located at 0.95 nm, returned four clusters (Figure 7.13), all of which were
right-handed dimers with both glutamine side-chains orientated into the bilayer lipid chains. The
leucine packed helix-helix interface accompanied by the location of the free energy minimum
as both indicative to the propensity for self-association of L17. However, the conformations of
L17L9Q suggest less favourable right-handed packing and an energetic penalty of orientating
glutamine into the POPC hydrophobic core.
≈2.15%!≈79%!
≈3.12%!≈1.8%!
A B
C D
Figure 7.13: Representative from each of the four clusters (A-D) with more than 10 structures from the CG trajectory
pertaining to free energy minimum at 0.95 nm along the interhelical reaction coordinate of L17L9Q. All four identified
clusters are constructed from right helix-helix dimers. Glycine green, leucine blue, serine purple, tyrosine mauve,
glutamine orange, and arginine white.
The trajectory pertaining to the free energy minimum located at 0.5 nm, returned ten clusters of
which Figure 7.14 (A), (B), (G) and (I) formed left-handed dimers, (C), (E), (F) and (J) formed
right-handed dimers, and (D) and (H) had near to no crossing angle (zero). All structures suggested
a clear interaction between glutamine side chains.
Initial cluster analysis from a CHI conformational search failed to return any clusters from an
interhelical distance of 1 nm. After adjusting the distance to 1.2 nm, eleven clusters were returned
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Figure 7.14: Representatives from clusters with more than 10 structures from the CG trajectory pertaining to free energy
minimum at 0.5 nm along the interhelical reaction coordinate of L17L9Q. (A) left helix-helix cross, (B) left helix-helix
cross, (C) right helix-helix cross, (D) zero helix-helix cross, (E) right helix-helix cross, (F) right helix-helix cross, (G)
zero helix-helix cross, (H) left helix-helix cross, (I) left helix-helix cross, and (J) right helix-helix cross. Glycine green,
leucine blue, serine purple, tyrosine mauve, glutamine orange, and arginine white.
with at least ten structures per cluster. Of the eleven averaged structures (Figures 7.15), nine
structures adopted a left-handed helix-helix crossing orientation and the remaining two structures
formed right-handed dimers. There was no discernible correlation between the glutamine position
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and crossing angle orientation between the CHI models and the CG cluster representations from the
0.5 nm free energy minimum.
The interaction energy profiles A in Figure 7.16 and I in Figure 7.17 from CHI clustering analysis
of L17L9Q, shows a symmetrical packed helix-helix interface. Both helices interact with a clear ‘a’
and ‘d’ site contribution, and given that both structures adopt a left-handed helix-helix crossing
orientation, the side chain packing is very similar to a heptad repeat structure. Interestingly, there
is little to no interaction between glutamine residues, with perhaps a marginal interaction energy
contribution from the alignment of side chain amide group with the neighbouring backbone. Finally,
the third most significantly contributing set of interaction profiles (G) suggests that glutamine is
contributing by approximately 5 kcal mol−1 and 12 kcal mol−1. The matching structure would
indicate a potential hydrogen bond between the side chain amide group and the opposite side chain
oxygen.
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Figure 7.15: Eleven average structures from a conformational search of L17L9Q using CHI. Nine of the eleven averaged
structures are left helix-helix dimers, structure A-I. Right handed dimers are structures J and K. For clarity, only the
glutamine residues (orange) in space filling spheres are shown on a ribbon-helical backbone.
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Figure 7.16: Atomistic L17L9Q Interaction energies for structures A-F in Figure 7.15. Eint indicates the total interaction
energy summed over both helices. Each helix is a separate line.
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Figure 7.17: Continued... Atomistic L17L9Q Interaction energies for structures G-K in Figure 7.15. Eint indicates the
total interaction energy summed over both helices. Each helix is a separate line.
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7.3.1.4 AZ2
Umbrella sampling of AZ2 revealed a deep and broad global free energy minimum, approximately
0.25 nm across (Figure 7.18). The trajectory for further analysis was taken at the minimum,
approximately 1.2 nm along the reaction coordinate, with a ∆G value of -24.75 kJ mol−1. Histogram
analysis (Figure 7.19 (A)) demonstrated sufficient sampling along the reaction coordinate even
though the data points to several histogram distributions within the energy well region were unevenly
distributed. The PMF profiles built from 0.1 µs increments of data points (Figure 7.19 (B)) suggest
that the location of the global free minimum at 1.2 nm had converged within the allotted simulation
time.
Figure 7.18: AZ2 PMF profile of self-association. Error was estimated over 200 bootstrap iterations. The global free
energy minimum is estimated to be -24.75 kJ mol−1, located 1.2 nm along the interhelical reaction coordinate.
The trajectory pertaining to the global free energy minimum returned two clusters constituting
approximately 84% and 14% of the recorded trajectory (Figure 7.20 (A) and (B), respectively). Both
clusters adopted a left-handed helix-helix crossing orientation with an alanine packed helix-helix
interface.
A conformational search using the CHI algorithm returned eight clusters, each containing at least ten
structures (Figure 7.21). An averaged structure from each cluster revealed all but one had adopted a
left-handed helix-helix crossing orientation. Interestingly, the right-handed exception, structure
G, had adopted an alanine packed helix-helix interface. This compares well with the established
notion that the packing of small residues (serine, alanine, glycine) conforms to a right handed
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A B
Figure 7.19: (A) AZ2 umbrella sampling histogram coverage of the interhelical reaction coordinate. (B) AZ2 converging
PMF profiles.
≈14%!≈84%!
A B
Figure 7.20: Representatives from clusters with more than 10 structures from the CG trajectory pertaining to free energy
minimum at 1.2 nm along the interhelical reaction coordinate of AZ2. (A) left helix-helix cross, and (B) left helix-helix
cross. Glycine green, leucine blue, serine purple, tyrosine mauve, alanine red, and arginine white.
dimer rather than the ‘knobs-into-holes’ left handed conformation applicable to the longer and more
flexible side chain of leucine (224). Of the left-handed clusters, one averaged structure adopted
an alanine packed helix-helix interface similar to the CG cluster analysis, whilst the remaining
left-handed structures returned an alanine-leucine packed helix-helix interface. According to the
total interaction energies presented in Figure 7.22, structure F yields the greatest number of side
chain energetic contributions. Both helices are seen to adopt an ‘a’ and ‘d’ repeat interhelical
packing motif with a left handed crossing orientation.
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Figure 7.21: Average structures from eight AZ2 clusters. Seven of the eight averaged structures, A-F and H, are
left-handed dimers. Structure G is a right handed dimer. For clarity, only residues present on the helix-helix interface are
shown in space filling spheres, all other residues are represented in stick-form. Leucine is shown in blue, and alanine in
red.
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Figure 7.22: Atomistic AZ2 Interaction energies for structures A-H in Figure 7.21. Eint indicates the total interaction
energy summed over both helices. Each helix is a separate line.
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7.3.1.5 AZ2(GG4)L
Umbrella sampling of AZ2(GG4)L revealed a global free energy minimum with a value of -
24 kJ mol−1, located 0.7 nm along the interhelical reaction coordinate (Figure 7.23). It is interesting
to note that the global free energy minimum is accompanied by a statistically equivalent region
of the free energy, beginning from the start of the reaction coordinate. Further along the reaction
coordinate, a local minimum with an approximate value of -21 kJ mol−1 was found at 1.05 nm.
Histogram analysis (Figure 7.24 (A)) indicated sufficient overlap between umbrella histograms. The
denser regions of histograms compare well with the location of free energy minima. The uneven
distribution does not prevent the PMF profiles from converging as seen by generating profiles with
0.1 µs increments of data points (Figure 7.24 (B)).
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Figure 7.23: AZ2(GG4)L PMF profile of self-association. Error was estimated over 200 bootstrap iterations. The global
free energy minimum is estimated to be -24 kJ mol−1, located 0.7 nm along the interhelical reaction coordinate.
CG cluster isolated from the global free energy minimum trajectory returned two clusters. Ap-
proximately 94% of the recorded trajectory (Figure 7.25 (A)) adopted a right-handed helix-helix
crossing orientation with a polyleucine helix-helix interface along with both GG4 interaction motifs
buried at the interface. The second cluster (Figure 7.25 (B)), represents only 0.25% of the recorded
trajectory but also adopted a right-handed helix-helix orientation.
Cluster analysis performed on the second free energy minimum, approximately 1 nm along the
reaction coordinate, yielded four clusters (Figure 7.26). Approximately 20.03% of the trajectory
adopted a left-handed helix-helix crossing orientation (Figure 7.26 (A)), with alanine residues
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Figure 7.24: (A) AZ2(GG4)L umbrella sampling histogram coverage of the interhelical reaction coordinate. (B)
AZ2(GG4)L converging PMF profiles from 0.1 µs to 1 µs in 0.1 µs increments.
≈0.25%!≈94%!
A B
Figure 7.25: Representatives from clusters with more than 10 structures from the CG trajectory pertaining to free energy
minimum at 0.7 nm along the interhelical reaction coordinate of AZ2(GG4)L. (A) right helix-helix cross, and (B) right
helix-helix cross.Glycine green, leucine blue, serine purple, tyrosine mauve, alanine red, and arginine white.
supporting dimerisation toward the C terminus. The structure in Figure 7.26 (B) suggests that
approximately 6.75% of trajectory adopted a zero-handed helix-helix orientation, with leucine
packing at the helix-helix interface. The remaining two representative structures, Figures 7.26 (C)
and (D), represent clusters of right-handed helix-helix crossing orientations. Both are shown to
have leucine residues packing at the helix-helix interface.
A conformational search using the CHI algorithm returned seven clusters each containing at least
ten structures (Figure 7.27). Of the seven, five averaged structures adopted left-handed crossing
orientation (A-E) whilst the remaining two (F, and G) yielded right-handed helix-helix crossing
orientations. Two of the left-handed conformations had an alanine packed helix-helix interface (C,
and D) whilst the remaining dimers adopted a polyalanine-polyleucine helix-helix interface (A, B,
and E). A single GG4 motif was present in all but structures C and D.
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Figure 7.26: Representative of AZ2(GG4)L dimers from cluster analysis at the free energy minimum found approximately
1 nm along the interhelical reaction coordinate. (A) left helix-helix crossing, (B) zero helix-helix crossing, (C) right-
helix-helix crossing, and (D) right helix-helix crossing. Glycine green, leucine blue, serine purple, tyrosine mauve,
alanine red, and arginine white.
The interaction energy plots relating to the averaged structures from CHI cluster analysis are given
in Figure 7.28. Interaction energy plots B-E yield the highest total interaction energy, the discernible
difference in total energy being attributed to the final three polar residues, tyrosine, serine and
arganine. Structure B demonstrates a helix-helix packing contribution of sites ‘a’ and ‘d’ along both
helices, although the side chains responsible are not symmetrical given that the average structure
demonstrates leucines packing against alanines with one GG4 motif in between. Interaction energy
profiles C and D demonstrate a symmetrical packing of alanine side-chains, conforming to a ‘a’
and ‘d’ repeat pattern. Finally, structure E yields an interhelical packing arrangement of alanine
with leucine similar to the structure B.
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Figure 7.27: Average structures from seven AZ2(GG4)L clusters. Averaged structures A-D are left-handed dimers.
Structures E and F are right handed dimers. For clarity, only residues present on the helix-helix interface are shown in
space filling spheres. All other residues are represented in stick-form. Leucine is shown in blue, alanine in red, and
glycine in green.
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Figure 7.28: Atomistic AZ2(GG4)L Interaction energies for structures A-G in Figure 7.27. For clarity, of the four profiles
with the highest total interaction energy (B-E), only profiles C and D have been labeled with heptad repeat sites due to
their symmetrical interactions. Profiles B and E conform to a heptad repeat interaction pattern, however, the interactions
are not symmetrical. Eint indicates the total interaction energy summed over both helices. Each helix is a separate line.
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7.3.1.6 AZ2(GG4)A
The global free energy minimum was approximately -27.4 kJ mol−1, 0.75 nm along the interhelical
reaction coordinate (see Figure 7.29). The location of the free energy minimum would suggest
a close interhelical distance with respect to the interhelical distance between GG4 found at the
interface of the AZ2(GG4)L dimer. The estimated error from bayesian bootstrap analysis suggests
that the reaction coordinate had been sufficiently sampled. Data points taken from histograms
between 0.1µs to 0.4µs failed to produce cohesive PMF profiles as depicted in Figure 7.30 (B),
however, the time incremental PMF profiles rapidly converged after 0.5µs. The uneven appearance
of umbrella histogram windows in Figure 7.30 (A) was due to an uneven distribution of data point.
However, this did not affect the final PMF profile (0.1 µs - 1 µs of data points) given the sufficient
overlap of histograms.
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Figure 7.29: AZ2(GG4)A PMF profile of self-association. Error was estimated over 200 bootstrap iterations. The global
free energy minimum is estimated to be -27.4 kJ mol−1, located 0.75 nm along the interhelical reaction coordinate.
Cluster analysis performed over 0.1 µs to 1 µs of the trajectory from the umbrella window best
matching the global free energy minimum returned three clusters. A structural representation of
each cluster is depicted in Figure 7.31. Approximately 48.8 % of the trajectory adopted a right
handed dimer, followed by 9.45% of the trajectory adopting a zero-crossing angle orientation.
Finally, a further 2.6% of the trajectory adopted a right-handed dimer. The GG4 motif of all three
cluster representations were found buried at the helix-helix interface.
A CHI conformational search of an AZ2(GG4)A dimer, returned eight clusters with more than or
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Figure 7.30: (A) AZ2(GG4)A umbrella sampling histogram coverage of the interhelical reaction coordinate. (B)
AZ2(GG4)A converging PMF profiles from 0.1 µs to 1 µs in 0.1 µs increments beginning at 0.5 µs.
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A B C
Figure 7.31: Representative of AZ2(GG4)A dimers from cluster analysis at the free energy minimum found approximately
1 nm along the interhelical reaction coordinate. (A) Right helix-helix crossing, (B) zero helix-helix crossing, (C) right-
helix-helix crossing. Glycine green, leucine blue, serine purple, tyrosine mauve, alanine red, and arginine white.
equal to ten structures per cluster (Figure 7.32). All eight averaged structures failed to support
a right-handed dimer with the GG4 buried at the helix-helix interface as found at the global free
energy minimum. All but one of the dimers adopted a left-handed helix-helix crossing orientation,
one of which was stabilised by interacting glycine residues. Of the remaining six, two structures
presented interlaced leucine residues, whilst the final four presented a variation in alanine with
glycine-leucine interhelical contacts. The remaining dimer adopted a right handed-helix crossing
orientation, with an alanine with glycine-leucine helix-helix interface.
The interaction energy plots relating to the CHI conformational averaged structures are given
in Figure 7.33. Although the total interaction energy of structure H yields 149.3 kcal mol−1,
the highest interaction energy amongst the eight AZ2(GG4)A clusters, the N terminal serine and
threonine interactions contribute significantly. The six terminal residues, three either ends, are
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considered as linker regions of the GALLEX construct and are not meant to contribute towards
oligomerisation. Structure G, with a total interaction energy of 125.38 kcal mol−1, returns the
second highest level of interhelical side chain contribution. Both helical interaction profiles are
symmetrical, suggesting a set of homo-interactions, yet interacting side chains do not conform
to a repeat of interfacial residues at sites ‘a’ and ‘d’. Rather, the tight packing evident from the
observation of structure G is reflected from the addition of the interacting sites ‘e’ and ‘g’ in the
pattern, xLdLexAgLaxxLdLexAgLaxxLdLe.
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Figure 7.32: Average structures from eight AZ2(GG4)A clusters. Averaged structures A-G are left-handed dimers.
Structure H is a right-handed dimer. For clarity, only residues present on the helix-helix interface are shown in space
filling spheres. All other residues are represented in stick-form. Leucine is shown in blue, alanine in red, and glycine in
green.
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Figure 7.33: Atomistic AZ2(GG4)A Interaction energies for structures A-H in Figure 7.32. Eint indicates the total
interaction energy summed over both helices. Each helix is a separate line.
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7.4 United atom simulations of AZ2, AZ2L6S and AZ2L10S
The in vivo investigation into low complexity sequence oligomerisation yielded a strong association
between AZ2L6S and AZ2L10S constructs. The GALLEX methodology alone is unable to explain
precisely how the two low complexity sequences have such a high affinity for self-association.
Therefore, united atom models of AZ2, AZ2L6S and AZ2L10S were employed to study the
helix-helix crossing angle, interhelical side chain contacts and the potential for hydrogen bonding
between the serine side-chains, and with the serine side chains to backbone. Unlike the previous in
silico representation of low complexity sequences, a CG model was avoided, as we required a more
precise atomic representation to capture potential hydrogen bonds.
7.4.1 Initial dimer geometry
To ensure the dimer configuration was modelled according to the structural analysis from in vivo
and in vitro experimentations in literature (see section 5.1.3 for a detailed explanation) the initial
dimer configuration of AZ2L6S and AZ2L10S was selected from a CHI conformation search of
structures where a hydrogen bond had potential formed between serine side chain hydroxyl group
to the backbone carboxyl oxygen atom (234). In addition, all three dimer sequences must adopt a
left handed helix-helix crossing angle to ensure a ‘knobs-into-holes’ packing, as expected from a
heptad repeat dimer (224). An initial crossing angle of 25◦ was agreed on, given that for the above
sequences the crossing angle has yet to be derived from computational or experimental efforts.
An all-atom conformational search using the CHI algorithm was performed using the parameters
described in section 7.2.2. Using a 1 Å RMSD cut off, cluster analysis was performed across the
search results and an average structure was returned per cluster. All structures found to adopt a
right-handed helix-helix crossing angle were disregarded.
7.4.1.1 AZ2 initial dimer geometry
A left-handed dimer with a polyleucine helix-helix interface was selected from the averaged cluster
conformations.
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7.4.1.2 AZ2L6S initial dimer geometry
Of the averaged structures returned by the CHI clustering algorithm, a single structure satisfied
the initial modelling requirements. The inter-digitations of the leucine side chains at the helix-
helix interface can be seen in Figure 7.34 (A), along with a clear left-handed helix-helix crossing
orientation from the top view (B). The interaction energy (C) between the two helices reflects
the symmetrical nature of the interacting side chains. For example, in the case of a homodimer,
interaction between identical sets of interfacial side chains would yield two identical potential
energy profiles. The hydroxyl group on each serine side chain was within 4 Å of a backbone
carboxyl oxygen atom as identified using the VMD visualisation package.
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Figure 7.34: AZ2L6S. (A) Packed side chains along the helix-helix interface. (B) Top down view of the left-handed
crossing angle. (C) Interaction energy of each helix.
7.4.1.3 AZ2L10S initial dimer geometry
Unlike AZ2L6S, the most suitable left-handed averaged structure of AZ2L10S (Figure 7.35 (A))
did not adopt a symmetrical helix-helix interface, rather the arrangement of interacting side-chains
were off-set by a residue. This is reflected by the interaction energy presented in Figure 7.35 (C).
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The hydroxyl group on each serine side chain was within 4 Å of a backbone carboxyl oxygen atom
as identified using the VMD visualisation package
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Figure 7.35: AZ2L10S. (A) Packed side chains along the helix-helix interface. (B) Top down view of the left-handed
crossing angle. (C) Interaction energy of each helix.
7.4.2 Bilayer area per lipid
Dimers AZ2, AZ2L6S, and AZ2L10S in POPC bilayers were equilibrated according to sec-
tion 7.2.3.6. To ensure that each bilayer had equilibrated the bilayer area per lipid was recorded
during the equilibration stages in addition to a 45 ns production simulation. The calculations for
AZ2, AZ2L6S, and AZ2L10S are presented in Figure 7.36, 7.37, and 7.38, respectively. As a
result of iterative compression and energy minimisation steps, the initial area-per-lipid for all three
systems came within approximately 2 Å2 of the reported experimental area-per-lipid. Systems were
left to equilibrate over 20 ns. Position restraints were gradually lifted from the protein backbone.
The area-per-lipid for AZ2 was shown to drop towards its average, where the bilayer area-per-lipid
AZ2L6S and AZ2L10S began converge within 20 ns. The final calculation (note, the initial 5 ns
on unrestrained simulation was given as additional time for bilayer equilibration) was taken as
197
an average over 50 ns along with the standard deviation, reported as a blue solid line and blue
dashed line, respectively. Each figure is presented with the experimental area-per-lipid of POPC
(67.4 Å2 ± 1.3 Å2) according to small-angle neutron and X-ray scattering (253). The three average
area-per-lipid calculations came within 4 Å2 of the reported experimental values of pure POPC. The
difference should be considered a software limitation due to an approximation of the area-per-lipid
when a portion of the bilayer has been taken up by the presence of a protein. Given that the
area-per-lipid calculations during the production simulation did not drastically deviate from the
average value, it was within reason to assume that structural analysis could be performed on each
dimer over the last 45 ns of unrestrained simulation time.
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Figure 7.36: Area-per-lipid of the lipid environment surrounding the AZ2 dimer. Experimental average with standard
deviation is depicted in red. The average area-per-lipid calculated across the production run is depicted in blue.
7.4.3 interhelical distance calculations and serine hydrogen bonding
As seen in Figure 7.39 (A), AZ2 had adopted a predominately leucine packed helix-helix interface
with leucine pairs: L7-L7; L14-L14; and L17-L17, and leucine-alanine pairs: A4-L3; L4-A3; L7-A8;
A8-L7; L10-A11; and A11-L10. Represented by the final time frame in Figure 7.40 (A), AZ2L6S
adopts a left handed helix-helix crossing orientation with leucine side chains packing at the helix-
helix interface, similar to the packing arrangement of a leucine zipper. The orientations of the
helices have clearly remained stable compared with their initial configuration, with the exception
of the position of the serine side chain adjusting to a distance less than 4 Å , within the potential
cut-off for hydrogen bonding (as seen in Figure 7.40 (A) by a black line between the oxygen
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Figure 7.37: Area-per-lipid of the lipid environment surrounding the AZ2L6S dimer. Experimental average with standard
deviation is depicted in red. The average area-per-lipid calculated across the production run is depicted in blue.
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Figure 7.38: Area-per-lipid of the lipid environment surrounding the AZ2L10S dimer. Experimental average with
standard deviation is depicted in red. The average area-per-lipid calculated across the production run is depicted in blue.
acceptor and hydrogen donor). The interhelical helix-helix side chain pairs: L2-L3; L3-L2; S6-S6;
L9-L10; L10-L9; and L13-L14; L14-L13; and L17-L17, are on average well within interaction distance
(see Figure 7.40 (B)). Unlike AZ2L6S, the AZ2L10S dimer presents a more asymmetrical set
of interhelical interaction pairs, with alanine being well within potential interaction distance of
leucine. The pair of helices retained the left-handed helix-helix crossing angle (see Figure 7.41
(A)) and the interaction pairs: L3-A4; L3-L3; L6-A8; L7-L7; S10-S10; L13-A15; L14-L14; and L17-
L17, are on average, well within potential interaction distance (see Figure 7.41 (B)). During the
course of the production run, a serine-serine interhelical hydrogen bond is favoured over the initial
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serine-to-peptide backbone hydrogen bond initially presented in Figure 7.35 (A).
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Figure 7.39: (A) The final time frame from the production run of AZ2. interhelical side chains within 10 Å are depicted
in semi-transparent spheres. Leucine in blue, and alanine in green. (B) The averaged interhelical residue atom-atom
distance. Only atoms within 10 Åare displayed. Interfacial residues are labeled.
7.4.4 Helix-helix crossing angle
The helix-helix crossing angles of AZ2, AZ2L6S and AZ2L10S were calculated, according to
the method presented in Appendix A, over the last 45 ns of production run with the initial 20 ns
taken up by system equilibration. The error was reported as the standard deviation. The average
crossing angle as presented in Figure 7.42 are 41.54 ± 2.51◦, 24.07 ± 2.56◦, 25.77 ± 1.83◦ for AZ2,
AZ2L6S, and AZ2L10S, respectively. Each dimer had begun with an identical crossing angle prior
to equilibration.
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Figure 7.40: (A) The final time frame from the production run of AZ2L6S. interhelical side chains within 10 Å are
depicted in semi-transparent spheres. Leucine in blue, and alanine in green. (B) The averaged interhelical residue
atom-atom distance. Only atoms within 10 Å are displayed. Interfacial residues are labeled.
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Figure 7.41: (A) The final time frame from the production run of AZ2L10S. interhelical side chains within 10 Å are
depicted in semi-transparent spheres. Leucine in blue, and alanine in green. (B) The averaged interhelical residue
atom-atom distance. Only atoms within 10 Åare displayed. Interfacial residues are labeled.
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Figure 7.42: The average crossing angle with standard deviation calculated over a 45 ns production run. AZ2: 41.54◦ ±
2.51◦, AZ2L6S: 24.07◦ ± 2.56◦, and AZ2L10S: 25.77◦ ± 1.83◦.
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7.5 Discussion
This chapter reports free energy calculations of self-association, helix-helix crossing orientations
and the packing motifs of interfacial side chains of the low complexity scaffolds presented earlier in
chapter 5.
The global free energy of self-association was determined for the low complexity sequences: L17;
L17(GG4); L17L9Q; AZ2; AZ2(GG4)L and AZ2(GG4)A. Potential of mean force calculations were
obtained using umbrella sampling across an interhelical reaction coordinate between CG helices.
The trajectory of the umbrella window of which the interhelical distance matches the global free
energy location on the reaction coordinate, was subjected to cluster analysis. A representative dimer
from each cluster was reported. The helical composition for all sequences have yet to reported in
literature. The TM peptides were assumed to form α-helical structure due to the propensity for
leucine and alanine to form helical structures in a non-polar environment (256). Therefore, the
inability of the CG model to change the helical content was of no concern at this early stage of
investigation. Our early work on free energy calculations of TM domain association (chapter 4)
made it clear that due to long autocorrelation times of membrane systems (198), each umbrella
window required at least 40 ns of simulation time, of which equilibration accounted for at least
10 ns to 20 ns. CG calculations appeared to be a good compromise given that we had the in vivo
experimental approximate free energy values to compare against.
The CG simulations were accompanied by an atomistic conformational search using CHI, a tool for
exploring potential TM helical packing interfaces. Given the reduced degrees of freedom in the CG
model, there was some concern over whether a CG representation of leucine could replicate the
‘knobs-into-holes’ packing of leucine residues in a heptad repeat sequence (54, 60). The cluster
analysis of atomistic conformations return interaction plots, which conformed, to a heptad repeat
pattern. Yet there is no penalty for orientating polar residues away from the packing interface, and
without environmental pressure such as hydrophobic mismatch, a conformational search can only
yield a side chain packing motif as a result of side-chain interaction energies only. Nonetheless, CHI
structures can be used to elicit contributing side chain interactions after a successful comparison
has been made with the most prevalent CG structure at the global free energy minimum.
Due to the large difference in GALLEX signal between AZ2L6S and AZ2L10S (Figure 5.9),
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additional CHI simulations were performed and select averaged structures were converted into a
united atom force field model and subjected to MD simulations. This level of granularity enables
the detection of potential hydrogen bonds.
The changes in free energy between low complexity scaffolds and the low complexity sequences
after including a motif have been recorded as a flow chart in Figure 7.43. After the inclusion of a
helix-helix interaction motif, a decrease in free energy, subsequently resulting in a stronger dimer, is
depicted as a green arrow. Conversely, a red arrow depicts an increase in free energy. A black arrow
indicates no changes in free energy, or at least ∆∆G is within error. The helix crossing orientation
is also included.
7.5.1 L17, L17(GG4) and L17L9Q
The global free energy minimum of L17 was approximately -16.75 ± 0.4 kJ mol−1 and shown to
predominately adopt a left helix-helix crossing orientation. The trajectory of each umbrella window
presents a fully inserted TM peptide, confirming the propensity to spontaneously insert into a
bilayer supporting maltose minimal media assay results in section 5.3.1.3 and the hydroxide washes
in section 5.3.1.2. Although the interhelical distance umbrella restraint between TM peptides in the
CG models would prevent deviation from a specified interhelical distance, the potential would not
prevent either peptide from moving out of the bilayer if its presence was unfavourable. All identified
clusters of a CHI atomistic conformational search returned left-handed dimers (Figure 7.4). Further
analysis of these structures revealed that the most favoured, according to the total side chain
interaction energies (Figure 7.5), clearly adopt a heptad repeat pattern of interacting sites ‘a’ and
‘d’. This is typical of a leucine-zipper like motifs (54). Although it would be very presumptuous to
compare free energy of association values between the experimental GALLEX assay and the CG
PMF profile, both techniques do indicate that L17 will self-associate, marginally.
After replacing L7 and L11 with glycines, the ∆G of self-association dropped to -19.16 ±0.4 kJ mol−1
(represented by a green arrow on the thermodynamic pathway in Figure 7.43). The trajectory of
each umbrella window presents a fully inserted TM peptide, supporting maltose minimal media
assay results in section 5.3.1.3 and sodium hydroxide washes in section 5.3.1.2. Cluster analysis at
the global free energy minimum suggested a propensity for a left helix-helix crossing orientation
with the GG4 motif buried at the helix-helix interface (Figure 7.8). The location of the global
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free energy minimum differed by -0.1 nm compared with L17, as a consequence of closer packing
of the helices due to the short side chain of glycine. This can be seen from the identified CG
clusters A-C. Structures D and E present a leucine packed helix-helix interface, however, this
should not diminish that fact that the remainder of the trajectory (not grouped into clusters of
a significant size) fluctuated around a region of phase space where the GG4 was packed at the
interface. Further more, GG4 mediated packing of native TM peptides suggest that the packed
glycines present the shortest interhelical distance between back bones (32, 30). The models
presented by CHI, do not immediately match with the CG GG4 mediated dimers. Rather, they
present left-handed dimers conforming to a heptad repeat orientation. CHI does not take into
account the borderline hydrophobicity of glycine as indicated by the theoretical free energy values
presented in section 5.3.1.1, which predicted that inserting glycine into the bilayer was unfavourable.
In addition, the CG model would take into account a drop in possible side chain conformations
if leucine were to pack at the helix-helix interface. Therefore, we suggest from the comparison
between experimental results and the theoretical and computation models, that L17(GG4) has a
propensity to form a right-handed GG4 mediated dimer, with a possible transition to a left-handed
leucine mediated heptad repeat dimer.
It is interesting to note that although both experimental and CG free energy values indicate that
L17(GG4) can self-associate, they do not agree with the difference in free energy between L17(GG4)
and its predecessor, L17. Whereas the GALLEX assay indicates that introducing a GG4 motif into
a polyleucine low complexity scaffold destabilises oligomerisation, the CG model suggests that it
stabilises dimerisation.
After replacing the L9 of L17 with a glutamine the ∆G increased to -10.5 ±1 kJ mol−1, suggesting a
significant drop in propensity for self-association (represented by a red arrow on the thermodynamic
pathway in Figure 7.43). However, the global free energy minimum still reports an energetically
favourable dimer. The trajectory of each umbrella window presents a fully inserted TM peptide,
supporting maltose minimal media assay results in section 5.3.1.3 and sodium hydroxide washes in
section 5.3.1.2. The PMF profile presents two free energy minimum, of approximately the same
∆G. Four clusters of right handed dimers were identified from the trajectory best matching the free
energy minimum at approximately 0.95 nm along the reaction coordinate.
One has to question the energetic contributions, whether favourable or not so, of the position of
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the glutamine residue. Approximately 0.95 nm along the reaction coordinate, a leucine packed
helix-helix interface is favoured (Figure 7.13). Considering the difference between free energy
minima of L17 and L17L9Q, and the leucine packed L17 helix-helix interface, the difference in free
energy can be attributed to the position of the glutamine residue into the bilayer. Of the eleven CHI
conformational search structures (Figure 7.15), only structure G presented a potential interaction
between glutamine side chain. The remaining structures presented a leucine packed helix-helix
interface with a left-handed helix crossing orientation. Interestingly, the only CHI structures
adopting a right handed dimer (J and K) yield the least energetic contributions from interacting side
chains. Given that the CG free energy minimum presents in abundance of right-handed dimeric
structures, these two models do not compare well.
At the second free energy minimum at 0.5 nm on the reaction coordinate, cluster analysis presented
dimers with the glutamine side chain buried within the helix-helix interface (Figure 7.14), whilst
adopting a mix of left, right and zero helix-helix crossing orientations. The amount of variation
in representative CG structures compares well with the amount of variation in the CHI models
(Figure 7.15).
The depth and value of both free energy minima suggest a complicated free energy landscape,
unseen in either L17 or L17(GG4). There is a significant energy penalty for exposing glutamine to
the hydrophobic lipid chains (66), therefore burying the polar side chain into the helix-helix interface
would mediate one state of self-association. On the other hand, there are ample contributions to
helix-helix interactions from leucine side chains which not only mediates self-association but also
compensates for glutamine’s energetic penalty.
Both experimental and CG free energy calculations suggest that L17L9Q self-associates, which
compares well with helix-association of L7QL15 peptides in detergent micelles analysed using
SDS-PAGE (70). The results in our study differ, however, when the free energy of L17L9Q is
compared with its predecessor L17. GALLEX experimental data in section 5.3.3 suggests that
introducing a glutamine residue improves the stability of a polyleucine low complexity scaffold,
whilst the CG model suggest otherwise. Prior investigation by Zhou et al., (70) concluded that
a polyleucine peptide was predominately, although not completely, monomeric whilst a L7QL15
peptide was marginally more dimeric. It is likely that the difference in self-association between the
two techniques relative to a polyleucine control is the result of the mimetic-environment and the
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CG model itself, losing the potential of forming hydrogen bonds between glutamine side chain.
7.5.2 AZ2, AZ2(GG4)L and AZ2(GG4)A
The free energy of self-association as a function of interhelical distance between two CG AZ2
low complexity scaffolds was -24.75 ± 0.8 kJ mol−1. AZ2 forms a significantly more stable dimer
than the CG polyleucine low complexity scaffold. The CG free energy value, relative to L17,
compares well with the GALLEX assay experimental results in section 5.3.3, in that AZ2 in vivo
has a stronger propensity for self-association than L17. With a difference in free energy by as much
as 8 ±1.2 kJ mol−1, the free energy calculations of the CG models compare well to what is almost
a one third difference reported in POSYYCCAT signal between self-association of polyleucine
and AZ2 (104). The trajectory of each umbrella window presents a fully inserted TM peptide,
supporting maltose minimal media assay results in section 5.3.1.3.
Cluster analysis performed at the global free energy minimum indicates that approximately 98% of
the recorded trajectory adopted a left-handed dimer with alanine residues packing at the helix-helix
interface (Figure 7.20). To the author’s knowledge, there is no structural data with regards to the
precise packing motif of an AZ2 dimer. According to the theoretical free energy of TM peptides
spontaneously inserting into the bilayer (section 5.3.1.1), alanine is significantly unfavourable,
whilst leucine being a very hydrophobic residues is considered as very favourable. This would
suggest that AZ2 dimers would favour an alanine packed helix-helix interface, given the borderline
hydrophobicity of alanine (220). In addition, the constrained side chains of alanine, may limit the
entropic cost of TM domain association (28).
A conformational search of an atomistic AZ2 dimer using the CHI algorithm returned eight clusters
(Figure 7.21). Seven of the eight clusters returned a left-handed dimer. Although there are no lipid
or solvent contributions to side chain packing in a CHI model, the search yielded two clusters of
left-handed dimers with an alanine side chain packed helix-helix interface. According to the total
interaction energy (Figure 7.22), neither structure is capable of maximising on interaction energy
from alanine side chain interactions alone. This would suggest that the additional contributions
required to maintain an alanine packed helix-helix interface at the CG free energy minimum are
potentially lipid mediated.
The free energy of AZ2(GG4)L self-association was -24±1 kJ mol−1, statistically equivalent to
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AZ2. Therefore, as indicated in the thermodynamic pathway (Figure 7.43) there is no change to
the propensity for self-association after the inclusion of a GG4 motif amongst leucine residues.
The trajectory of each umbrella window presents a fully inserted TM peptide, supporting maltose
minimal media assay results in section 5.3.1.3. Although the GALLEX free energy assay results
presented in section 5.3.3 suggests a marginal increase in self-association, the ever so slight
difference in free energy value relative to AZ2 between techniques does not imply that the CG
results of AZ2(GG4)L are of little interest. On the contrary, the CG AZ2(GG4)L global free energy
minimum presents a low complexity sequence with a propensity for self-association similar to the
AZ2 scaffold, but results in a totally different dimeric orientation.
Cluster analysis at the global free energy minimum of AZ2(GG4)L returned a startling contrast in
dimeric conformations to the AZ2 clusters (Figure 7.25). Unlike the left-handed AZ2 dimer, where
alanine side chains were found to pack at the helix-helix interface, a GG4 motif associating with
neighbouring leucines encouraged a right-handed dimer with leucine side chains in addition to the
GG4 motif packing at the interface. The right handed helix-helix crossing orientation, as is the case
in GpA, is indicative of a GG4 mediated dimer (30). AZ2 and AZ2(GG4)L have approximately
similar global free energy minimum, and yet the orientation of the flexible leucine residues switch.
No longer is the constrained side chain of alanine packing to compensate for a potential entropic
cost of association. It would be within reason to suggest that the GG4 mediated dimerisation leads
to a tighter arrangement of interacting leucine side chains, however, a CHI conformational search
was unable to yield an appropriate structure and subsequent interaction profile.
The self-association global free energy minimum of AZ2(GG4)A was -27.4±0.4 kJ mol−1, 2± 1.2 kJ mol−1
more favourable than AZ2 (represented by a green arrow on the thermodynamic pathway in Fig-
ure 7.43). The trajectory of each umbrella window presents a fully inserted TM peptide, supporting
maltose minimal media assay results in section 5.3.1.3.
Over 60% of the trajectory at the global free energy was found to adopt a right handed dimer,
stabilised by alanine and glycine side chain interactions (Figure 7.31). As with AZ2(GG4)L, the
AZ2(GG4)A is seen to switch crossing orientation with respect to the AZ2 low complexity scaffold.
Only, there is now a distinct increase in dimer stability. This compares well to the free energy
calculations from GALLEX assays presented in section 5.3.3. Interestingly, a CHI conformational
search was able to return a right handed dimer (structure H of Figure 7.32), of which the contributing
208
side chain interactions at the helix-helix interface were predominately leucine and glycine. Their
energetic profile was not only highest in energy of the isolated clusters, but also conformed to a
heptad repeat sequence of interacting ‘a’, ‘d’, ‘e’ and ‘g’, side chains.
7.5.3 United atom simulations of AZ2, AZ2L6S and AZ2L10S
In contrast to earlier works by Gray and Matthews (234) and Ballesteros et al., (235), the GALLEX
signals from oligomerisation of TM domains AZ2L6S and AZ2L10S, and as discussed in sec-
tion 5.4.2, suggest that a single serine residue can prompt oligomerisation. Therefore, in order to
understand the role serine plays in TM domain dimerisation, united atom models of AZ2, AZ2L6S
and AZ2L10S were simulated for 50 ns in a solvated POPC bilayer. The crossing angle, interhelical
side chain distances and potential for hydrogen bonding was analysed. Initial structures of AZ2L6S
and AZ2L10S were selected from a CHI conformational search of left-handed structures due to the
assumed hydrogen bonding potential between the hydroxyl group on the serine side chain and the
carboxyl group on the same helix (234). Although a 50 ns production simulation is typically far too
short to capture unfolding-folding events of a helical structure in a bilayer, the presumed interhelical
hydrogen bonding of serine was shown to shift into the helix-helix interface and came within the
potential distance required to establish an interhelical hydrogen bond between the opposite serine
side chain.
The initial dimer structures were selected from a CHI conformational search which had been
constrained to a left-handed helix-helix crossing angle of 20◦. During the equilibration phase the
crossing angle of AZ2 was seen to increase by approximately 12◦, from which point the crossing
angle continued to increase over the production run until converging to an average of 41◦ ± 2.51◦.
On the other hand, both AZ2L6S and AZ2L10S were shown to increase by approximately 5◦ during
the early stages of the production simulation until converging to an average of 24◦ ± 2.56◦ and
25◦ ± 1.83◦, respectively. The enthalpic contributions from the formation of a hydrogen bond
between serine side chains, could encourage a reduction in the helix-helix crossing angle relative
to the crossing angle of the AZ2 control, encouraging a close packing along the length of the
helix-helix interface. Such a mechanism may explain the increase in oligomerisation when a serine
is substituted into AZ2. If a larger crossing angle was to form (similar to the crossing angle of
AZ2), the potential for intrehelical side chain formation between serine residues is reduced due to
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the increased distance between hydrogen donor and acceptor groups.
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Figure 7.43: Thermodynamic pathway of CG basic scaffold sequences. Change in free energy from respective low
complexity scaffolds are reported. In the case of AZ2 and L16, the change is relative to 0 kJ mol−1. Beside each helical
representation is an illustration of the predominant helix-helix crossing orientation located at free energy minimum and
supported by side chain interaction profiles from CHI conformational clustering analysis. Sequences which adopt a mix
of left, right and zero crossing angles are presented by a left and right illustration. Residues which make up the low
complexity sequences and scaffolds are represented in space filling spheres with leucine in blue, alanine in red, glutamine
in orange and glycine in green.
7.6 Conclusion
Low sequence complexity TM domains featuring key helix-helix interaction motifs were modelled
using CG molecular dynamics. The AZ2(GG4)A sequence was found to be the most stable dimer.
In addition, a GG4 motif was capable of switching the left-handed AZ2 dimer into a right-handed
dimer, whether associating with the leucine face or alanine face, sequences AZ2(GG4)L and
AZ2(GG4)A respectively. With an almost equal propensity for dimerisation, the switch between
crossing angle orientations may serve as a basis for a de novo TM switch mechanism. Further
more, it may introduce new insight behind oncogenesis of receptors of which the mechanism
of activation is thought to be controlled via conformational change (183, 179). Finally, there is
general agreement between the free energy rank order and the GALLEX free energy calculation.
Although there is some discrepancy behind the true contribution to self-association from glutamine
interactions, which given the difficulty of comparing biological membranes with model membranes
is likely to be a lipid-mediated discrepancy.
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Given the propensity for oligomerisation associated with the sequences AZ2L6S and AZ2L10S, a
united atom MD simulation was performed on their TM domain. From initial starting conformation
with serine’s potential for hydrogen bonding solely with the backbone carboxyl group it was
interesting to report that after a series of equilibration steps and a production run the hydrogen
bond had potential switched to a serine-serine configuration. Further to this chapter, it would be
insightful to see how a potential hydrogen bond between the two helices of AZ2L6S and AZ2L10S
could contribute to the energetics behind self-association.
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Chapter 8
Conclusion and Future Work
8.1 Conclusions
In chapter 1, the widely known characteristics of TM proteins and the simplified two-stage model
of membrane protein insertion and folding were introduced. This was followed by a review of
interaction motif mediated dimerisation, notably from heptad repeat sequences, GG4 motifs and
polar residues. An in depth review on low complexity sequences found in the literature followed. It
is worth noting the limited number of MD studies with respect to the number of experimental studies.
MD is not an ideal platform for studying a large number of sequences, unless the computational
cost can be reduced by either using an implicit bilayer or a CG model (or significant computational
resources are readily available). Rather, a library of plasmids can be used to rapidly screen TM
sequences using in vivo TM interaction reporter assays before investing time into computational
studies. The simulation theory and experimental techniques were outlined in chapter 2 and chapter 3,
respectively.
The results from ‘top-down’ MD investigations of the Neu receptor tyrosine kinase were presented
in chapter 4. A ‘bottom-up’ investigation of TM domain low complexity sequence designs using
the in vivo GALLEX assay (26) were reported in chapter 5. This was followed in chapter 6, by
an investigation on the variation between PMF profiles of CG and united atom simulations of TM
protein models. Finally, chapter 7 presents a ‘bottom-up’ investigation of the aforementioned low
complexity sequences in order to elicit dimeric crossing orientation and side chain packing motifs
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at the free energy minimum. In what follows, we present a very brief summary of the key results as
expressed in further detail in the discussion section of the chapters 4, 5 and 7.
In chapter 4, a ‘top-down’ investigation of the Neu TM protein domain revealed that the interhelical
approach is a lipid mediated process, driven by the hydrophobic mismatch between the Neu TM
protein domain length, and bilayer thickness. A similar study into the bilayer thickness as a function
of interhelical distance between ErbB-2 was reported by Prasanna et al., (216). Their model,
however, was CG which fails to model variation in secondary structure, hydrogen bonding and as
seen in chapter 6, a full PMF profile as a consequence to long range lipid mediated interactions.
Out results show that both helical orientations of Neu and Neu* have a similar propensity for
dimerisation, although self-association of Neu* may prematurely halt beyond short-range protein-
protein interactions due to the propensity for the glutamic acid substitution to interact with the lipid
head group region. Finally, both Neu and Neu* dimers were stabilised by side chain interactions.
The interhelical distance between V664E substitutions during association of A661xxxG665 interfaces,
suggests the formation of hydrogen bonding potentially supporting the model proposed by Gullick
et al (73). The exposed polar side chain of V664E during association of I659xxxV663 interfaces was
found to decrease the cost of hydrophobic mismatch by forming a hydrogen bond with the peptide
backbone and orientating towards the lipid-water interface.
The 10 µM induced GALLEX assays of low complexity sequences presented in chapter 5 yielded
an order of propensity for oligomerisation in a biological context: AZ2L10S > AZ2(GG4)A >
AZ2L6S ≈ AZ2(GG4)L > AZ2 > L17L9Q > L17 ≈ L17(GG4). These results were complemented
using IPTG titration measurements, which revealed the apparent ∆G of association. From the
values obtained, a thermodynamic pathway was constructed revealing an order of the most favoured
sequences: AZ2(GG4)A > AZ2(GG4)L > AZ2 > L17L9Q > L17 >≈ L17(GG4). The experimental
free energy results were complemented by CG molecular dynamics and atomistic conformational
searches using CHI (191). Global free energy minima from PMF calculations yielding the ∆G
order of: AZ2(GG4)A > AZ2 ≈ AZ2(GG4)L > L17(GG4) > L17 > L17L9Q. It is clear that dimer
variants of AZ2 were as stable if not more stable than AZ2 itself, and significantly more stable than
L17 (which formed a very weak dimer regardless to whether a single glutamine or GG4 motif was
included). Yet, the order of experimental and computational free energy calculations of the L17
sequences did not match precisely. This is most likely due to differences between the composition
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of a POPC model membrane to a bacterial inner membrane, which is discussed in sight of the
limitations of this study below. One of the most interesting results is the switch in dimer crossing
orientation after a GG4 motif has been inserted into the leucine or alanine face of AZ2. When
glycines are placed approximately halfway along the TM domain, the left handed AZ2 dimer adopts
a right handed crossing orientation.
Finally, results from GALLEX signals and observations from united atom simulations suggest
that dimerisation of AZ2 can be stabilised further by a potential interhelical interactions of serine.
This is in stark contract with the initial hypothesis by Gray and Matthews (234) and Ballesteros et
al., (235) that serine can only hydrogen with the i − 3 or i − 4 carbonyl oxygen atom of the same
helix. United atomic MD simulations presented a model of interhelical serine side chain hydrogen
bonding in the presence of a small crossing angle, relative to an AZ2 control. The drop in crossing
angle may also lead to an increase in enthalpic contributions at the helix-helix interface. This would
fit with the increase in propensity for self-association of AZ2L6S and AZ2L10S according to the
GALLEX assay results.
8.2 Limitations
During this study, efforts were made to overcome experimental and computational limitations. What
follows is an account of these limitations and where possible, the measures taken.
Firstly, calculating the free energy of oligomerisation from an IPTG titration curve assumes a
simplified equilibrium model, yet in truth, there may be any number of contributions from equilibria
of molecules native to the cellular environment. An additional complication arises when scaling
raw β-galacotosidase measurements by protein expression values using immunoblots. Not only is it
impossible to load every cell sample onto the same gel, but also loading a control across multiple
gels may prove to lead to technical inaccuracies given that multiple lanes of the same control sample
on the same gel yielded statistically different band intensities. Alternatively, one could use multiple
controls on one gel, and then take an average. The average would then be used to scale the few
remaining cell sample bands across multiple gels. Fortunately, by blotting for the MBP region
of the fusion protein, the native MBP of SU101 is also visualised, which is independent of IPTG
induction. Assuming that cell growth conditions were approximately the same, the average of the
native MBP band intensities across a whole gel could be used as a scaling factor across multiple
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gels. Further more, the pixel-intensity values of protein bands is extremely sensitive according to
ImageJ measurements. The slightest inaccuracy in manually selecting each band would result in
significantly large changes to the β-galactosidase measurement after scaling. As a compromise,
expression levels were adjusted to a log-base, to keep visible variations in intensity present but to
minimise error.
The PMF calculations of the native sequence Neu and the oncogenic form revealed long range-lipid
mediated association. Umbrella windows well beyond the length of a reaction coordinate initially
expected were required, totalling 320 simulations at 40 ns per window for a total simulation time
of 12.8 µs. These calculations do not include the initial equilibrium time for peptide insertion
and bilayer adjustment. In addition, only half of the data points were used to construct each
umbrella window histogram distribution, as membrane simulations are notorious for having long
auto-correlation times (198). A further limitation to PMF calculations was the obvious difference
between the point of free energy convergence on a PMF profile between a united atom force field
system to a CG system. These were discussed in length in chapter 6.
Finally, dimer conformational searches were performed using the CHI algorithm. This toolkit
provides a quick and computationally inexpensive means of sampling the potential energy landscape
between TM helical domains in a user specified dielectric implicit environment. Yet the algorithm
does not take into account the variation in the dielectric value across the bilayer, or environmental
contributions from hydrophobic mismatch. Yet the CHI algorithm provides an indispensable means
of reporting side chain interaction energies.
8.3 Future work
Having investigated the free energy of association of proto- and oncogenic Neu TM domains along
a together-apart reaction coordinate, we think that we have only began to capture the complexity
behind the dynamics of the receptor tyrosine kinase TM domain. A repetition of the free energy
calculations in a mixed model bilayer would help confirm the dimeric structure as a consequence
to hydrophobic mismatch. In addition, an investigation using meta-dynamics of a CG model may
reveal free energy minima as a function of helix rotation and crossing angle. This would elicit
dynamics which may support or otherwise contradict the idea that families of RTKs activate upon
rotation (179, 183, 178).
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Having investigated the structure and dynamics of low complexity scaffolds with interaction motifs,
we believe that using meta-dynamics could extend the free energy captured in this study further.
By converting CG dimer structures acquired at the global free energy minima from this study of
the AZ2, AZ2(GG4)L and AZ2(GG4)A models into a united atom model, meta-dynamics could
provide a comprehensive exploration of a free energy landscape of helix-helix crossing angle. Our
results would therefore be less at the mercy of whether we have sufficiently sampled different
conformations along an interhelical reaction coordinate, when in truth we are very interested in
the free energy of different helix-helix interfaces. One of our major results in this chapter was
the switch between a left-handed AZ2 dimer to a right-handed dimer after the addition of GG4.
This would benefit further investigation in at least two ways. Firstly, a free energy calculation of
hetero-association between the combinations of AZ2, AZ2(GG4)L and AZ2(GG4)A, and secondly
investigating the clustering of a mixed peptide system of the aforementioned sequences. The results
of which could provide initial thermodynamic results for an early framework of a de novo TM
peptide switch.
There currently exists several TM protein databases (257, 258, 259, 7, 260), but as yet, a database
based on de novo designed TM helical proteins does not exist. The closest to a database of protein
interaction rules would be the repository of soluble coiled-coils, CC+ (261), which has been
identified using the program SOCKET (262). The rules of TM domain engagement presented in
this study can form the basis for further studies with the aim of compiling a database of TM domain
interaction rules and dynamics.
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Appendix A
Helix-helix crossing angle and tilt angle
The calculation of dimer crossing angles and individual helix tilt angles were generated using a
MATLAB implementation of the following mathematics. They are based on the definitions by
Chothia et al., (263), and further refined through implementation in PMF calculations (264). To
begin with the minimum distance between helices was determined by first populating an inertia
tensor to yield the principal axis for both helices (section A.1). An equation of two interesting
straight lines was generating by attaining two ‘shifting’ arbitrary points along each principal axis
between a predefined beginning and ending point of geometry. The two points are minimised by
taking the second differential of their difference with respect to a ‘shifting’ constant. The helix-helix
crossing angle (section A.2) and tilt angle of individual helices (section A.3) can be calculated
independently from the calculations performed to define the minimum interhelical distance.
A.1 Minimum distance between helices
The principal axis a(k) of helix k is represented by the eigenvector with the smallest eigenvalue
from the inertia tensor M(k). The matrix elements, Mi j are defined by:
M(k)i j −
n∑
α
(
P(k)i,α − 〈P(k)i 〉
)(
P(k)j,α − 〈P(k)j 〉
)
, (A.1)
where n is the number of alpha carbon atoms along the back bone of helix k. The elements of vector
P(k)α is defined as:
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Pi,α ∈ P(k)α |P(k)α = r(k)α + r(k)α+2 − 2r(k)α−1, (A.2)
where i = x, y, z, and r(k)α is a set of cartesian coordinates of the α-carbon, α, on helix k. The
average position 〈P(k)〉 is defined as:
〈P(k)〉 = 1
n
∑
α
P(k)α . (A.3)
To define the helix beginning (b(k)) and ending (e(k)):
bk = r(k)c + [a(k)(r
(k)
l − r(k)c )]ak (A.4)
and
ek = r(k)c + [a(k)(r
(k)
n − r(k)c )]ak, (A.5)
where r(k)c is the centre of geometry of helix k. An arbitrary point t(k) along helix k can be defined
as:
t(k) = b(k) + S (k)(e(k) − b(k)), (A.6)
where S (k) is a constant S ∈ (0, 1). The shortest distance between two helices k and j is defined by
minimising the square of the distance between t(k) and t( j):
D = |t(k) − t( j)|. (A.7)
The minimum distance can be obtained by the second differential of D with respect to S (k) and S ( j):
∂D2
∂S (k)
= (b(k) − b( j))(e(k) − b(k)) − (e( j) − b( j))(e(k) − b(k))S ( j) + |e(k) − b(k)|2S (k) = 0, (A.8)
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and
∂D2
∂S ( j)
= (b(k) − b( j))(e( j) − b( j)) − (e(k) − b(k))(e( j) − b( j))S (k) + |e( j) − b( j)|2S ( j) = 0. (A.9)
A.2 Helix-helix crossing angle
The crossing angle, θ, of two helices k and j is defined as the dihedral angle of two planes
(Figure A.1):
θcr = cos−1
( (l × h) · (h × m)
|l × h||h × m|
)
, (A.10)
where h = (t( j) − t(k))/|t( j) − t(k)|, l = (t(k) − b(k))/|t(k) − b(k)| = a(k), and m = −a( j).
A.3 Helix tilt angle
The tilt angle is defined as the angle between the principal axis of the helix and the unit vector of
the bilayer normal (see Figure A.1). The curvature in a bilayer ‘slab’ is considered flat over time,
therefore the bilayer normal, typically z, is defined as the constant vector u = (0, 0, 1). The angle is
defined as:
θtl = cos(u · a(k)). (A.11)
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θcr
θtl
a( j) a(k)
b(k)b( j)
e(k) e( j)
r(k) r(k)
D
A B
Figure A.1: Helix-helix crossing angle (A) and individual helix tilt angle (B). The helix-helix (or dimer) crossing angle is
defined as the angle between the principal axis of each helix. The tilt angle can be calculated by taking the angle between
the principal axis of the helix and the bilayer normal. The variables are defined in the text.
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